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ABSTRACT 
Titanium dioxide (TiO2) is a wide bandgap semiconductor with many application 
advantages for photocatalysis. However, in the porous films that typify applications, 
photogenerated charge carriers typically drive reactions inefficiently due to fast recombination. To 
mitigate this problem, this work employs electronic band engineering principles drawn from 
integrated circuit design.  In particular, the electric field normal to the nominal surface is extended 
spatially to sweep a larger fraction of photoholes toward the nominal surface to react before they 
recombine. This work demonstrates that the donor concentration (𝑁𝑑) and surface potential (𝑉𝑠) 
both control the spatial extent of the field in a predictable way, and enhance the reaction rate 
independently and in combination.  Although a version of this concept has been demonstrated 
previously for nonporous polycrystalline films, such photocatalysts have limited practical value 
due to the small surface area per unit mass.  The present work demonstrates that the concept can 
be extended to porous particulate films, which have much higher specific surface areas and 
therefore offer a much broader range of possible applications.  
The particulate films were synthesized by sintering commercially available nanoparticles 
together to provide an electrically continuous porous structure. 𝑁𝑑  and 𝑉𝑠  were measured by 
electrochemical impedance spectroscopy(EIS) and X-ray photoelectron spectroscopy(XPS), 
respectively. Apparent reaction rate constants were assessed using photocatalytic test reaction of 
methylene blue oxidation, which has well-known pseudo first order kinetics. The effective fluid 
diffusion coefficient of reactant 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 was controlled by adding polyethylene glycol of varied 
mass fraction to demonstrate the effects of reactant transport in the pores. 
The width(w) of the space charge layer(SCL) within the film was manipulated through 𝑁𝑑 
and 𝑉𝑠. 𝑁𝑑was manipulated through hydrogen annealing(0~20mtorr) enabled variation of 𝑁𝑑 from 
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1.27 × 1017 𝑐𝑚−3 to 5.26 × 1019 𝑐𝑚−3. 𝑉𝑠 was manipulated using a deuterium plasma from 0.31 
eV to 0.62 eV. These techniques permitted experimental variation of 𝑤 from 4.6nm~172.3nm.  
A physics-based model was developed to rationalize the results. The model adequately fits 
the rate data with only two adjustable parameters: the intrinsic rate constant and fluid diffusion 
coefficient in the pores.  Based upon this success, the model predicts how further improvements 
can be done through variations of 𝑉𝑠, 𝑁𝑑, film thickness, liquid diffusion coefficient, and light 
intensity and wavelength. Electronic band engineering through 𝑤 (controlled by 𝑁𝑑 and 𝑉𝑠) should 
increase reaction rates by up to an order of magnitude over the rate that would be observed if only 
hole diffusion influences the rate. The optimal film thickness is approximately 2~2.5 times the 
value of 𝑤. Higher fluid diffusion coefficients benefit the rate constant and effectiveness factor, 
but only to a certain point. For example, gas phase photoreactions do not benefit from band 
engineering. The intrinsic rate constant linearly influences the overall reaction rate. When the 
penetration depth of light is smaller than 𝑤, the advantage of band engineering declines steadily 
as the penetration depth decreases. 
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CHAPTER 1: INTRODUCTION 
Abstract 
Titanium dioxide(TiO2), as an n-type semiconductor material with many application advantages, 
has attracted intensive research attention for photocatalysis for decades. However, there still exists 
significant technical barriers preventing the effective use of the photogenerated carriers from 
driving reactions due to fast recombination. The current study demonstrates the use of electronic 
band engineering principles to mitigate this problem and is applied to particulate films for the first 
time. The challenges lie on the manipulation of the spatial extent of the built-in electric field within 
the film. Donor concentration (𝑁𝑑 ), surface potential (𝑉𝑠 ), and the effective fluid diffusion 
coefficient of reactant ( 𝐷𝑒𝑓𝑓) in the pores permit such manipulation. Additionally, this work 
develops a physics-based model to quantitatively describe and explain the experimental results 
and predicts how further improvements can be done. The model adequately fits the rate data with 
only two adjustable parameters: the intrinsic rate constant and fluid diffusion coefficient in the 
pores.  Based upon this success, the model predicts how further improvements can be done through 
variations of 𝑉𝑠, 𝑁𝑑, film thickness, liquid diffusion coefficient, and light intensity and wavelength. 
Electronic band engineering through 𝑤 (controlled by 𝑁𝑑 and 𝑉𝑠) should increase reaction rates by 
up to an order of magnitude over the rate that would be observed if only hole diffusion influences 
the rate, with the drift-influenced component of the rate outweighing the non-drift component by 
a factor of sixty. 
Fundamentals of TiO2 as a Photocatalyst  
Heterogeneous photocatalysis have developed extensively in the past few decades[1]–[3]. 
Semiconductor catalysts, such as TiO2, ZnO, ZrO2, CeO2, CdS, ZnS [1], when illuminated by 
photons with energy equal or larger than their bandgap (𝐸𝑔), absorb the photons and generate 
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electron-hole pairs(EHPs). Excited electrons occupy the available states in the conduction band, 
while the holes are left to occupy the states in the valence band. If the process takes place within 
a fluid phase (gas or liquid), negatively charged electrons and positively charged holes participate 
reduction/oxidation reactions, respectively. Participating in a redox photocatalytic reaction 
requires the energy of electrons to be higher than the reducing species and the energy of holes to 
be lower than the oxidizing species [4]. For a particle-in-liquid suspension heterogeneous reaction 
system, the reaction mechanism is shown in Figure 1.   
Since Fujishima and Honda unveiled their discovery of TiO2’s water splitting through 
simultaneous oxidation and reduction when exposed to UV light back in 1972[5], TiO2 has 
attracted enormous attention from both environmental and energy research fields for its crucial 
roles in many applications, such as self-cleaning surfaces[6]–[11], air/water purification[1], [12], 
[21], [13]–[20], and hydrogen production[8], [22]–[26], to name a few. TiO2 is well recognized as 
one of the best candidates for industrial use  thanks to its superior oxidizing reactivity[27]–[30], 
chemical stability subject to corrosion, nontoxicity, and low cost for manufacturing.  
There are three naturally occurring crystalline phases of titanium dioxide: anatase, rutile, 
and brookite. Schematic crystalline structures of these phases are shown in Figure 2 [31]. 
Reportedly, the rutile phase is thermodynamically more favored than metastable anatase and 
brookite phases at all temperatures and pressures; the transformation of anatase and brookite to 
rutile is irreversible and exothermal[32], [33]. The transformation temperature ranges from ~600 
°C to ~800 °C based on numerous factors such as particle size, extrinsic contamination, 
atmosphere, and agglomerate morphology[32].  For the merit of research rigor and to avoid 
unnecessary complexity in the system, all the measurement, manipulation and utilization steps of 
the TiO2 anatase in this work are practiced with temperatures at 500 °C. In terms of photocatalytic 
 3 
 
reaction activity with photo holes as the oxidizing species, pure anatase consistently show higher 
reaction rates than the rutile and brookite phases [34]–[36]. This advantage is not only caused by 
its larger band gap comparatively, but also by other factors like crystalline facets and band 
structures [31], [37]. There are usually two transformations that happen on anatase TiO2 surfaces 
during UV exposure: photon induced redox reaction of absorbed substances and photon induced 
hydrophilic conversion of the TiO2 surface[24]. The current work pertains to the first 
transformation. 
As a metal oxide semiconductor, TiO2 anatase bears a band gap of 3.24 eV. This band gap 
is comparatively wide, allowing anatase TiO2 to be a viable candidate for various redox 
photocatalytic chemical reaction. However, the wide band gap also limits anatase TiO2’s 
absorbable spectrum of light to only 5% of the whole solar spectrum[38]. Many semiconductors 
can be doped intrinsically or artificially into n type or p type. The large number of oxygen 
vacancies and/or titanium interstitials within the anatase lattice induce n type behavior with the 
Fermi level close to conduction band. Given the comparative surplus of electrons available in the 
material, current study focuses on better utilization of photo holes.   
Although highly examined by researchers, TiO2 has not been put to extensive use on an 
industrial scale as a photocatalyst due to its limited solar spectrum absorption[13], [39]–[42] and 
fast recombination of charge carriers[42]–[44], [50]–[53]. To increase the solar absorption, 
blackening TiO2 through hydrogenation to reduce Ti
4+ to Ti3+ has been demonstrated both 
experimentally and computationally[41], [45]–[47]. Doping TiO2 with foreign atoms brings its 
absorption edge towards the visible spectrum. Doping agents include C, N, S[38], F[48]and rare 
earth elements[49]. To inhibit fast recombination and thereby increase the lifetime of carriers, 
N2[50], metal ions(Fe
3+, Mo5+, Ru3+,Os3+, etc)[51], F-[48], noble metals(Pt, Au, Pd[52], Ag[53]) 
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are used. Despite the effectiveness of these methods, the integrity of the TiO2 is jeopardized. More 
specifically, the band structure and defect states in bandgap are drastically changed, which makes 
it very difficult to investigate the fundamental causation behind the phenomenon. 
Electronic Band Engineering in Particulate TiO2 Films 
In contrast to the common perspective taken by majority of catalyst researchers, the current 
work adopts electronic band engineering principles to improve TiO2 anatase particulate layers as 
semiconductor electronic devices with photocatalytic functionality. Electronic band engineering 
refers to rationally tuning the energy positions and spatial variation of the electronic bands in 
semiconductor materials.  In the case of spatial variation, the electrical field within the material 
can be controlled to facilitate the flow of charge carriers, which underlies the very foundation of 
modern electric devices. The ability to harness the transport of electrons and holes in a material 
enables the understanding and modeling of the transport phenomenon involved in heterogenous 
reactions, and indicates a new approach to improve the reaction rate of TiO2 photocatalysts(Figure 
3).  
The transport of carriers in metals is straightforward: electrons are free charge carriers with 
the Fermi level lying within a band, driven by an electric field from high electrical potential to 
lower. In semiconductor materials, however, the conduction band is separated from valence band 
by an energy gap. Formation of conduction electrons requires energy equal to or larger than that 
the band gap. Once the energized electrons form, they leave mobile holes in the valence band. The 
electric field in this case can be established externally by applying electrical potential through a 
power source, or internally by changing the surface potential of the material chemically or 
physically. The practice of electronic band engineering, especially at the latter case, entails 
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manipulation of the distribution of electric field near the surface of the material, thus making the 
precise control of transport of electrons and holes possible.  
Electronic band engineering has been successfully used on compact thin films like TiO2 
and WO3 [34], [54]–[56]. A previous graduate student in Seebauer group, Daniel Ong, has 
demonstrated this kind of electric field manipulation principle and its application in atomic layer 
deposited thin TiO2 anatase films[34], [54]. Ong showed that by changing the donor carrier 
concentration (𝑁𝑑) and surface potential (𝑉𝑠), the space charge layer(SCL) near the surface can be 
widened to allow more photogenerated holes in the bulk to be swept to surface before 
recombination takes place. Thus, the overall photocatalytic reaction rate can be improved. 
Examples of synthesis methods for compact films include chemical vapor deposition and 
atomic layer deposition. Despite the ubiquitous grain boundaries throughout the polycrystalline 
material, the grains are mechanically and electrically well-connected to each other. The boundaries 
between adjacent grains provide ready pathways for electrons and holes to move around while 
subject to electric fields and/or gradients of concentration.  Indeed, previous works [54], [55]have 
suggested such films may be approximated for photocatalysis purposes by a uniform medium, 
demonstrating photocarriers’ transport in one dimension scheme.  However, the dense structure 
without pores does not allow reactants to access the full volume of the material through the surface. 
This limits the photocatalytic reaction to the free surface of the material, resulting in a very low 
reaction rate per unit mass. Meanwhile, the cost of compact thin films manufacturing can be large. 
To provide necessary growth conditions regarding temperature and pressure, a vacuum system is 
usually mandatory for the process. Additionally, given the reactor’s dimension limit, it is often 
difficult to form continuous compact thin films on large areas.  
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On the other hand, reaction systems based upon separate grains, such as those typically 
formed from particle suspension systems, are widely seen in photocatalyst applications[4], [8], 
[30], [57]–[59]. Such systems are usually preferred over compact films thanks to higher reaction 
rates and lower manufacturing costs per unit mass. In contrast to compact thin films, the particle 
suspensions in liquids allow the reactant to access a large surface area per unit mass, which leads 
to higher reaction rate given the same EHP generation rate. Nevertheless, most applications require 
filtration to separate the particles from the liquid after reaction, which is sometimes difficult and 
adds a distinct type of expense. Moreover, since the particles are structurally independent from 
each other, there is little or no electrical contact among them. Lacking the electrical contact is fatal 
for the transport of electrons from particle to particle in a sustainable fashion. For small particles 
with diameter comparable or even smaller than the width of SCL, band bending can’t fully develop 
given the limited space, thus drift movement is inhabited although diffusion is usually sufficient 
to allow the photogenerated carriers to reach the particle surface[60]–[64], as shown in Figure 4. 
As a result, applications of electronic band engineering to improve photocatalytic reaction rate is 
limited in this case.  
To gain the advantages from both compact thin films and barely aggregated particle 
suspensions while avoiding their shortcomings, a research platform using particulate thin film TiO2 
has been established to permit the examination of electronic band engineering effect. This platform 
uses a porous thin film on a glass substrate made of annealed TiO2 anatase nanoparticles. It has 
comparatively large surface area for reaction to take place yet is inexpensive to build, versatile for 
various scales of area, and easy to replace individually without shutting down the whole reactor. 
A schematic demonstration of the current research case, along with the cases of dense uniform 
medium and barely aggregated grains, is shown in Figure 5. Electrical contact between particles 
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are guaranteed by an annealing process, which permits the inter-particle transport of photocarriers 
in the presence of an electric field and/or concentration gradient. In principle, a SCL suitably wide 
would allow the use of electronic band engineering to bring holes to where fluid diffusion doesn’t 
limit the rate, which is not feasible only by diffusion due to the limited diffusion length (Figure 6).  
Thesis Aims and Approach  
The study aims to demonstrate whether a drift component of carrier transport normal to 
nominal surface many be manipulated and exploited to improve the photoreaction rate of TiO2 
particulate films, thereby extending the successful demonstration of electronic band engineering 
on compact TiO2 films to particulate films. A physics-based model is developed that explains the 
qualitative and most qualitative aspects of the experimental rate data.  The model incorporates the 
transport of photocarrier in solid phase and fluid phase, which is deemed to not only describe the 
existing reaction cases but also predict operation parameters out of prior range. 
The current work begins with synthesis of particulate films using commercially available 
anatase TiO2 nanoparticles following well-known methods[65] and characterizes the resulting 
physical characteristics including thickness(L), specific surface area(A), donor concentration (𝑁𝑑), 
and surface potential (𝑉𝑠). Measurements of donor concentration and surface potential were set 
with highest priority as control parameters for electronic band engineering. 𝑁𝑑 was measured with 
electrochemical impedance spectroscopy with Mott-Schottky plot; 𝑉𝑠 was measured using XPS 
with detailed calibration. Other measurements include profilometry, BET, XRD, and UV-Vis 
absorption spectroscopy.   
Successful characterization, especially of Nd and Vs, set the stage for parameter alteration 
and corresponding reaction rate measurements. The alteration of 𝑁𝑑   was performed by H2 
annealing with controlled temperature and pressure; 𝑉𝑠was manipulated and measured with in-situ 
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Ion-Gas-Neutral Interactions with Surfaces(IGNIS) system, which was equipped with energy-
controlled D2 plasma. In the fluid phase, the effective diffusion coefficient ( 𝐷𝑒𝑓𝑓) was controlled 
through changes in the liquid viscosity by adding varying amounts of Polyethylene Glycol(PEG). 
These parameters were selected to manipulate the transport of holes within the particulate TiO2 
thin films, together with the transport of reactant in the fluid phase, to demonstrate the effects of 
electronic band engineering improve the photocatalytic reaction rate. Apparent reaction rate 
constants were measured for the well-known Methylene blue photoxidation reaction using a 
specially designed photocatalytic reactor, along with a commercial wide-spectrum solar simulator. 
A one-dimensional continuum mathematical model with only two adjustable parameters 
was formulated to describe the physical situation, and validated against the experimental rate data. 
In contrast to the model developed for compact thin films[56], where reaction occurs only at the 
free surface, the particulate film bears more complexity due to the coupling of two transport 
phenomena, namely, the motion of charged carriers within the solid (by either diffusion or drift) 
and the diffusion of the reactant within the pores. Although one mathematical model for 
photocatalysis including only carrier and reactant diffusion has been published for porous 
photocatalysts [66], to our knowledge no such treatment has been attempted that includes drift.  
Compared to a pure carrier-diffusion based model[66], the current model predicts that optimal use 
of band engineering should increase the photoreaction rate by up to an order of magnitude over 
the rate that would be observed if only hole diffusion influences the rate, with the drift-influenced 
component of the rate outweighing the non-drift component by a factor of sixty.  
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Figures 
 
Figure 1:Schematic of photoexcitation in a solid particles followed by various deexcitation events[67], [68] 
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Figure 2:Conventional cells for anatase (a), rutile (b) and brookite (c) TiO2[31] 
 
 
 
 
 
 
 
 
 
 
 
 11 
 
 
Figure 3:Schematic of surface band bending for n-type TiO2 anatase 
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Figure 4:Schematic diagrams of the band bending in big and small particles. [60], [67] 
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Figure 5:Conceptual continuum between dense uniform medium and barely aggregated grains 
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Figure 6:Photocarrier concentration vs depth in the absence of drift shown schematically (actual wavelength = 360nm, 
=1.67x10-4/nm).  
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF PARTICULATE 
ANATASE TITANIUM OXIDE THIN FILMS 
 
Abstract  
Procedures of synthesis and characterization of particulate TiO2 films were established to 
control the film thickness(L), donor concentration(Nd), surface potential(Vs), and crystalline phase. 
The synthesis method for this photocatalysis application adopted procedures taken from the 
literature of dye sensitized solar cells research. Characterization included measurements of donor 
concentration(Nd) and surface potential(Vs), which is uncommon in photocatalyis research and 
posed unique challenges rising from the nature of particulate structure of the films.  These two 
parameters were determined successfully using electrochemical impedance spectroscopy(EIS) and 
detailed XPS, respectively.   
Introduction 
To facilitate the experimental investigation regarding the influence of electronic band 
engineering on the transport of photogenerated carriers in particulate films, methods for synthesis 
and characterization were required that permitted measurement of the relevant physical and 
especially electrical properties, and their variation in ways that did not affect the intrinsic catalytic 
activity of the TiO2 (by preferential segregation of foreign dopant elements to the surface, for 
example). The current research requires the films to be porous TiO2 anatase with its composite 
grains electrically connected to each other for carrier transport. The material should be chemically 
and mechanically robust when subjected to various property measurements and manipulations 
performed in air, electrolyte, vacuum and photocatalytic reactions. Reproducibility from sample 
to sample is essential to guarantee the reliability of measured results.  
Existing TiO2 thin film depositions methods, such as atomic layer deposition(ALD), 
chemical vapor deposition(CVD), produce compact films of small area and well-controlled 
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thickness with very few pores present. Such films provide excellent electrical conductivity that fit 
the needs of sensors[1]–[3] and optical devices[4]–[6], yet are not favored in catalyst applications 
due to inadequate surface area per unit mass as well as intensive capital investment for 
manufacturing. Despite various experimental trials[7]–[10] using ALD or CVD along with porous 
templates to create porous TiO2, the product were far from ideal for large scale photocatalyst 
applications because of potential contamination, strict processing condition and small yields. 
Comparatively, forming a film by sintering nanoparticles together and simultaneously onto a 
substrate is advantageous to provide high porosity, high reproducibility and low cost.  
There has been much research using nanoparticles to form thin films, including 
applications such as sensors[11]–[13], filtration membranes[14]–[16], and dye sensitized solar 
cell[17]–[19]. A mature procedure developed by Gratzel and coworkers for dye sensitized solar 
cells(DSSC), as detailed in[20], was selected as the template for the current study. Fluorine doped 
tin oxide (FTO) has been widely used as the transparent conductive back electrode for DSSC[21]–
[25], mainly to help effectively collect the charges with minimum resistivity.  Regardless of the 
controversy over the electrical properties of the interface between FTO and TiO2[26], [27], it has 
been shown in various experiments [28]–[34] that under the current measurement conditions, the 
interface behaves as an ohmic contact. Possible explanations include the presence of negligible 
band bending at the interface, tunneling enabled by annealing [31], [33], and band alignment due 
to solution effects[28].  
Measuring the donor concentration (Nd) of TiO2 compact thin films is challenging, due to 
the lack of donor and acceptor levels from available dopants[35]. Four point probe[36], [37] and 
Hall effect measurements[38]–[40], which are commonly used for carrier concentration 
measurements in some semiconductors, require ohmic contact between the metal probes and the 
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material.  However, metal contacts with a wide-bandgap semiconductor such as TiO2 behave as 
diodes[41]. A method based on Mott-Schottky approach has been successfully developed and 
practiced in Seebauer lab for ALD TiO2 films, by forming a test structure as shown in Figure 7[41]. 
When it came to particulate TiO2 films, however, the method failed after numerous trials because 
the Al-TiO2 contact on the porous structure was essentially mixture of Al and TiO2 rather than 
well-defined interface with built-in Schottky barrier, which made the signal retrieved from the 
probe station hard to interpret. To solve this issue, a variant of the Mott-Schottky approach was 
used in the current study to allow the Schottky barrier to be better defined. The sample was 
designed to use FTO coated glass as the substrate instead of silicon to form an ohmic contact with 
TiO2, and used electrochemical impedance spectroscopy(EIS) in an electrolyte instead of an 
electrical probe station in air. Details of this method are presented later in this chapter.  
For semiconductor materials with low conductivity, surface potential(Vs) measurements 
using X-ray photoelectron spectroscopy (XPS) usually cause charging  that leads to shifts of the 
whole spectrum[42]–[44]. This issue is particularly severe for particulate films, which tend to have 
lower conductivity overall compared to compact forms. To solve this problem, multiple steps of 
calibration were performed in this study. The energy analyzer was calibrated beforehand by fixing 
the location of the Fermi edge using Au/Ag foil. When adventitious carbon exists, the C1s peak 
was used to correct charging effects on the spectrum; when no carbon was present on the surface, 
the Ti2p peaks were used instead, which is applicable in the case of in-situ post-plasma XPS 
measurement and detailed in chapter 4. 
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Sample Synthesis Approach 
The current study employed Fluorine doped tin oxide(FTO) coated glass slides (Sigma-
Aldrich, SnO2/F, surface resistivity 7 Ω/sq, transmittance 80-82%) as the substrate. Individual FTO 
substrates were dimensioned to a width, length and thickness of 1cm, 2cm and 2mm, respectively, 
with the 1cm×2cm planar surface coated by FTO. Cutting was performed on the uncoated side to 
protect the conductive coating sample synthesis. Initially, the substrate was cleaned using lint-free 
wipe with soap water, then followed by a degreasing procedure. The degreasing was conducted by 
sonicating the substrate in a sequence of solvents: Acetone-IPA-DI water-IPA, each for three 
minutes, and proceeded to N2 gun dry. Cleaned FTO substrates were stored facing up in the 
desiccator to prevent contamination.   
For the benefit of reproducibility and uniformity of the nominal surface, the current work 
applied a synthesis approach using the doctor blade method, with the slurry recipe mainly 
referenced from [20]. Three grams of commercially available anatase TiO2 nanoparticles 
(Nanostructured & Amorphous Materials, Inc. average diameter 10nm, shown in Figure 8), were 
ground in porcelain mortar with 1 ml of DI water and 0.1ml of acetylacetone(Sigma-Aldrich). 
After the nanoparticles were well dispersed in paste form, another 4 ml of DI water was added 
while continuing grinding. Finally, 0.1ml of Triton X-100(Sigma-Aldrich) was added to the paste. 
Grinding was continued for another 5 mins to avoid the generation of air bubbles. The readied 
slurry was stored in a well-sealed container.    
The substrate was secured on a flat surface with the FTO coated side facing up, with excess 
TiO2 slurry applied onto one free edge. A doctor blade slowly moved (~2mm/s) through the surface 
to spread the slurry evenly with its height being adjusted as 20 µm higher than the top substrate. 
The coated sample was left to air dry for 30 mins and annealed for another 6 hours in air, to form 
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continuous and robust structure by sintering particles together. An annealing temperature of 500 
°C was chosen to avoid the crystalline phase transformation from anatase to rutile[45], [46]. 
Redundant material was then removed to obtain a precise 1𝑐𝑚 × 1𝑐𝑚 TiO2 coated area on each 
sample. 
Characterization of Properties 
 
Thickness and Roughness by Stylus Profilometry 
Given the nature of the doctor blade method, the thickness of the sample was consistent 
among depositions. The default height of freshly made samples would be 20 µm thick before air 
drying. During the 6-hour annealing in 500 °C, organic components (acetylacetone and Triton X-
100) in the sample were either evaporated or broken down into volatile species, which led to the 
consolidation of the TiO2 film. The film thickness was measured using a 
Sloan Dektak3ST profilometer with 2.5 µm radius conical shape stylus (cone angle of 90 degree), 
which is capable of measuring spatial dimensions from 10 nm to 105 µm. An adjustable contact 
force ranging from 10 to 400 µN allows the measurement to be conducted without damaging the 
sample. Part of the film was carefully stripped off the substrate to measure the thickness. The 
measured film thickness was roughly 13 𝜇𝑚  with roughness of 3.1 µm (Figure 10), and the 
statistics were consistent given the same slurry recipe and doctor blade operation. 
Surface Area and Pore Size Distribution by BET Adsorption  
Brunauer-Emmett-Teller(BET) method and Barrett-Joyner-Halenda(BJH) model [47],[48] 
were used to measure the specific surface area and pore size distribution of the sample, 
respectively. N2 was used as the probing gas to evaluate the specific surface area. The theory of 
BET measurement is based on the principle of physical adsorption of non-reactive gas molecules 
on the solid surface[47] through multilayer adsorption. The result shown in Table 1 indicates that, 
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compared to the untreated particles, post-treatment TiO2 anatase particulate layer bears lower 
surface area (13% less), lower pore volume (14% less), lower porosity (32% less) and the same 
pore radius. Those parameters are significant for the evaluation of Thiele modulus, the 
effectiveness factor, and the concentration profile of the reactant in the porous structure. 
  
1_untreated TiO2 
particle 
2_sintered TiO2 
Layer 
Surface Area(m2/g) 91.118 78.935 
Pore Volume (cc/g) 0.357 0.307 
Porosity (%) 33.78 22.99 
Pore Radius 
(angstroms) 48.744 48.835 
 
Table 1:Surface area, pore volume and pore radius comparison between untreated particles and sintered particulate films  
Donor Concentration by Electrochemical C-V  
Donor and acceptor concentrations in n-type and p-type semiconductor materials, 
respectively, play an important role in their electrical properties. TiO2 anatase is n-type material 
due to the presence of donor defects rising from O vacancies and/or Ti interstitials[49]–[54]. The 
capability of measuring the donor concentration is significant for the quantitative control of its 
value and eventually for the control of the width of space charge layer for electronic band 
engineering purposes. Instead of using the in-air method designated for compact TiO2 films[41], 
EIS was used in an electrolyte solution setup for particulate films. Different from other 
electrochemical techniques, which usually yield measured values as a function of time, EIS yields 
measurements as a function of frequencies[55]–[57]. Varying the frequency allows an additional 
dimension of analysis which is crucial for certain measurements that are sensitive to frequency 
response. It has been widely recognized for studies on electrodes[58]–[61], corrosion processes 
for materials[62]–[65], and catalyst development[66]–[69].  
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Regardless of the controversy of equivalent circuit representations, EIS has been adopted 
to measure the donor concentrations of semiconductors in many cases [56], [66], [70]–[73]. In the 
current work, to mitigate the difficulty of forming Schottky contacts, EIS was performed in a three-
electrode electrochemical cell, with the TiO2 film serving as working electrode, Pt as the counter 
electrode and Ag/AgCl as the reference electrode(Figure 11). While the 0.1M Na2SO4 aqueous 
electrolyte was saturated by Ar gas, the potentiostat(BioLogic Science Instruments, Model SP150) 
carried out the measurement under 1kHz with AC signal amplitude of 10 mV. Calibration of the 
Ag/AgCl electrode and cleaning of the Pt electrode were performed before each experiment to 
ensure the reliability and reproducibility of the acquired data. In the cell circuit, the interface 
between the electrolyte and semiconductor material is assumed to be a Schottky contact composed 
of a combination of semiconductor capacitance and Helmholtz capacitance in series. The rest of 
the circuit is treated as ohmic contacts or ohmic components. Since the Helmholtz capacitance 
(𝐶𝐻 ) on the electrolyte side is much larger than the semiconductor capacitance ( 𝐶𝑆𝐶 ), it is 
practically negligible in the observed capacitance (𝐶)[74], as shown in Equation 2- 1.  
Equation 2- 1 
1
𝐶
=
1
𝐶𝐻
+
1
𝐶𝑆𝐶
 
Thus, the measured capacitance may be attributed to the semiconductor capacitance, and 
used in Equation 2- 2 to derive the donor concentration Nd. By plotting the reciprocal of 
capacitances square (C-2) against applied voltage(V) at different values, with all other parameters 
either well known or previously measured, the slope of linear fit yielded the value of donor 
concentration, as seen in Figure 12.The donor concentration measured for untreated TiO2 anatase 
particulate films is 1.27 × 1017𝑐𝑚−3. 
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Equation 2- 2 
1
𝐶2
=
2
𝑒𝜀𝑠𝜀0𝑁𝑑𝐴2
(𝑉 − 𝑉𝑏𝑖 −
𝑘𝑇
𝑞
) 
C: measured capacitance, F 
V: applied voltage, V 
𝑁𝑑: donor concentration, cm
-3 
𝜀𝑠: the dielectric constant of TiO2 anatase, 55[56]  
𝜀0: the permittivity of free space, 8.85×10
−12 F/m 
e: the elementary charge, 1.6×10−19 C 
A: Schottky contact area, cm2 
𝑉𝑏𝑖: built-in potential, V 
Surface Potential by XPS 
The surface potential is the magnitude of the electronic band bending near the surface, 
which can be defined as the energy difference between the valence band values gauged on the 
nominal surface and deep in the bulk. It is essentially the electric potential established between the 
surface and bulk, which is crucial for the investigation of drift component of carrier transport[49], 
[75]. There are multiple methods developed to measure the surface potential for compact thin 
films, including photoelectron spectroscopy(PES)[76]–[78], Photoluminescence 
Spectroscopy(PL) [79]–[88], Surface Photovoltage (SPV) measurements[89], [90] and Scanning 
Tunneling Microscopy (STM)[91]–[93]. As the most widely used technique, XPS was applied in 
current work for TiO2 anatase particulate film.  
According to the electronic band diagram (Figure 13), the following equations were 
employed to compute the value of surface potential, 𝑉𝑠. 
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Equation 2- 3 
𝐸𝑐 − 𝐸𝐹 = 𝑘𝑇𝑙𝑛(
𝑁𝑐
𝑁𝐷
) 
Equation 2- 4 
𝑁𝑐 = 2(
2𝜋𝑚𝑒
∗𝑘𝑇
ℎ2
)
3
2 
Equation 2- 5 
𝑉𝑠 = 𝐸𝑔 − (𝐸𝑐 − 𝐸𝐹) − (𝐸𝐹 − 𝐸𝑣)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 
 
The energy difference between 𝐸𝑐  and 𝐸𝐹  was given by Equation 2- 3, where 𝑁𝑑  was 
measured by EIS previously; 𝑁𝑐 is the density of states in conduction band, calculated according 
to 𝑚𝑒
∗ of TiO2 anatase[94] and Equation 2- 4, which gives a value of  7.21 × 1023 m-3. Because 
the Fermi levels of the sample and the analyzer were equalized, the position of valence band edge, 
(𝐸𝐹 − 𝐸𝑣)𝑠𝑢𝑟𝑓𝑎𝑐𝑒, was confirmed by linearly fitting the leading edge of the valence band(Figure 
14) based on the zero binding energy calibrated using gold foil(Figure 15) and the charging effect 
calibrated using adventitious C1s peak at 284.80 eV(Figure 16). With 𝐸𝑔 = 3.24𝑒𝑉, 𝐸𝑐 − 𝐸𝐹 =
0.13𝑒𝑉, 𝑉𝑠 was computed from Equation 2- 5. The surface potential for untreated TiO2 material 
was thus measured as 0.31 eV.  
The 𝑉𝑠 measurement was performed using two XPS instruments, which were designated 
for different experimental purposes: primary XPS was conducted to accurately gauge the position 
of valence band edge for untreated TiO2 particulate layers thanks to the superior resolution of its 
electron neutralizer; in-situ XPS was conducted within the same chamber where plasma treatment 
was executed, to compare the position change of valence band edge before and after the treatment.  
The primary XPS measurements were conducted using Kratos Axis Ultra X-ray 
photoelectron spectrometer (Kratos Analytical, Inc., Manchester, UK) with monochromatic Al 
 33 
 
Ka radiation (1486.6 eV). High-resolution spectra were collected with a pass energy of 20 eV, an 
energy step of 0.1 eV from a 0.7 mm x 0.3 area using the hybrid (electrostatic and magnetic 
immersion) lens mode. The analyzer specific zero binding energy was set by the Fermi edge of 
gold foil. Although the electron neutralizer was turned on to compensate electron loss, the sample 
was loaded onto copper tape with FTO surface secured by copper clip to help reduce the charging 
effect during the measurement. The in-situ XPS measurement was available as part of the plasma 
treatment apparatus: Ion-Gas-Neutral Interactions with Surfaces(IGNIS) system. The analyzer was 
a custom-built SPECS 150 EP hemispherical electron energy analyzer operated with a SPECS 
XR50 dual anode (Al, Mg) X-ray source. The spectra were collected using Al Ka radiation (1486.6 
eV) with a pass energy of 50 eV and an energy step of 0.1 eV. The sample was loaded onto a 
holder using double-sided coper tape and molybdenum clips. There was no electron neutralizer 
available, so that the measured spectrum was referenced to the adventitious C1s peak before 
plasma treatment, and to Ti 2p3/2 after moderate plasma treatment. 
Crystalline Phase by X-ray Diffraction 
It is important to keep the crystalline phase of TiO2 anatase material intact in response to 
various treatments which only aim to change the electric field near the surface. X-ray 
diffraction(XRD) for raw TiO2 particles was conducted using the Siemens/Bruker D-5000 XRD 
system with radiation and wavelength of Cu K-alpha, 0.15418 nm, respectively. For TiO2 samples 
deposited on FTO substrate, the XRD was given by the PANalytical / Philips X’pert MRD system 
with radiation and wavelength of Cu K-alpha 1, 0.154056 nm (high-resolution), respectively. 
Raw TiO2 particles and untreated TiO2 particulate films deposited on the FTO substrate 
were measured by XRD, shown in Figure 17 and Figure 18, respectively. There were no other 
TiO2 phases observed in the as-received particles, and there were no other TiO2 phases observed 
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after the synthesis procedure performed, which included the slurry making and 500°C annealing 
process.   
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Figures 
 
Figure 7:Schematic of (a) TiO2 Schottky diode structure and (b) equivalent element circuit for TiO2 Schottky test diode.[41] 
 
Figure 8:Transmission electron microscope(TEM) image of suspended TiO2 anatase particles  
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Figure 9:Scanning Electron Microscope Image of TiO2 anatase particulate film 
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Figure 10:Profile measurement of the TiO2 anatase particulate film 
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Figure 11:Schematic setup of electrochemical impedance spectroscopy(EIS) for donor carrier concentration measurement[29] 
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Figure 12:Mott-Schottky plot for donor concentration measurement of TiO2 particulate film  
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Figure 13:Schematic illustration of surface potential and its measurement methodology 
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Figure 14:XPS Measurement of valence band edge of untreated TiO2 particulate film  
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Figure 15:Measurement of fermi edge of gold foil as calibration for XPS analyzer 
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Figure 16:Adventitious carbon reference was used to calibrate the charging effect 
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Figure 17:X-ray diffraction of pristine TiO2 particles 
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Figure 18:X-ray diffraction of pristine TiO2 particulate layer deposited on FTO substrate 
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CHAPTER 3: TEST REACTION SYSTEM: METHYLENE BLUE 
 
Abstract 
A photocatalytic reaction system was designed to evaluate the apparent reaction rate 
constant of TiO2 samples before and after various treatments. Methylene Blue(MB), as dye 
molecule with well understood pseudo first order kinetics, was chosen as the reactant for the 
photocatalytic reactions. Concentration of MB was monitored in real-time by UV-Visible 
absorption spectroscopy to calculate the rate constant. Measures were taken during the tests to 
ensure the accuracy of the concentration data, including pre-calibration, reactant equilibrium, and 
post-cleaning. The reaction rate constants are used to evaluate how effective the electronic band 
engineering is applied on TiO2 anatase particulate films to improve their utilization of photo holes 
in photooxidation.  
Fundamentals of Methylene Blue 
Methylene Blue (MB), chemically termed as Methylthioninium Chloride (C16H18ClN3S), 
is a dark blue synthetic phenothiazine dye soluble in water. The molecular structure of MB is 
shown in Figure 19. It is widely recognized for medication uses[1]–[5] and as dye molecule.[6]–
[12]. In current study, we used low concentration of MB as reactant in TiO2 photocatalytic reaction. 
Thanks to its well-known reaction kinetics and absorption characteristics, concentration of MB 
can be measured using UV-Vis absorption spectroscopy and translated into the reaction rate 
constant. 
Reaction Kinetics  
The photocatalytic decomposition of MB follows apparent first order kinetics as shown in 
Equation 3- 1[13], [14], which is in good alignment with Langmuir-Hinshelwood mechanism[13], 
[15]–[17].  
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Equation 3- 1 
𝑑
𝑑𝑡
𝐶𝑀𝐵 = −𝑘𝐶𝑀𝐵 
Details of the mechanism steps include the following elementary steps[14]: 
1. Absorption of photons with energy equal to or larger than the band gap of TiO2 
anatase (3.24eV) 
 
𝑇𝑖𝑂2 + ℎ𝜈 ⟶ 𝑒𝐶𝐵
− + ℎ𝑉𝐵
+  
 
2. Oxygen’s oxidation state drops from 0 to -1/2 
 
(𝑂2)𝑎𝑑𝑠 + 𝑒𝐶𝐵
− ⟶ 𝑂2
𝑜− 
 
3. Neutralization of 𝑂𝐻−groups by photoholes that subsequently produce 𝑂𝐻𝑜radicals 
 
(𝐻2𝑂 ⟺ 𝐻
+ + 𝑂𝐻−)𝑎𝑑𝑠 + ℎ𝑉𝐵
+ ⟶ 𝐻+ + 𝑂𝐻𝑜 
 
4. 𝑂2
𝑜−is neutralized by protons 
 
𝑂2
𝑜− + 𝐻+ ⟶ 𝐻𝑂2
0
 
 
5. Formation of hydrogen peroxide by dismutation of oxygen 
 
2𝐻𝑂2
𝑜− ⟶ 𝐻2𝑂2 + 𝑂2 
 
6. Decomposition of 𝐻2𝑂2 and reduction of oxygen 
 
𝐻2𝑂2 + 𝑒
− ⟶ 𝑂𝐻𝑜 + 𝑂𝐻− 
 
7. Oxidation of the organic reactant by 𝑂𝐻𝑜radicals 
 
𝑅 + 𝑂𝐻𝑜 ⟶ 𝑅′𝑜 + 𝐻2𝑂 
 
8. Direct oxidation by holes 
 
𝑅 + ℎ+ ⟶ 𝑅+𝑜 ⟶ 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 
Because TiO2 anatase is n type material with electrons as the majority carriers whose 
concentration are orders of magnitude higher than holes, the concentration of photo holes is the 
determining factor for the apparent reaction rate. 
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Adsorption Characteristics  
Spectroscopic studies of monomers, dimers and complexes in MB solutions [18] indicated 
that, when the concentration of the MB is less than 215 µM, the assumption shown in Equation 3- 
2 is valid for the equilibrium between MB monomers and dimers. 
Equation 3- 2 
(𝑀𝐵)2 = 2𝑀𝐵 
where (𝑀𝐵)2 and 𝑀𝐵 denote dimers and monomers, respectively. Neglecting higher polymers in 
the solution, in the form of monomer, the total molar concentration of MB can be expressed as  
𝑐 = 𝑐𝑚 + 2𝑐𝑑 
the dimer dissociation constant is defined as K: 
𝐾 =
𝑐𝑚
2
𝑐𝑑
 
where the 𝑐𝑚 and 𝑐𝑑 are the concentrations of monomers and dimers in dilute MB solutions under 
equilibrium. Based on measurements at room temperature ( 25 ± 2 °𝐶 ), the value of dimer 
dissociation constant K was estimated as (1.7 ± 0.2) × 102µ𝑀, which confirmed the monomer as 
dominant species in the solution[18].   
The photocatalytic reactions in the current work used MB solutions with initial 
concentration of 10 µ𝑀, which well suffices the equilibrium condition. Consequently, the total 
concentration of MB in the solution approximated the concentration of MB monomer. In the UV-
Vis absorption spectroscopy of MB solution shown in Figure 20, the peak in 665 nm is primarily 
attributed to the MB monomer while the shoulder located in 610 nm is mainly attributed to dimers. 
Therefore, the absorbance of MB solution at 665 nm can be used to gauge the total concentration 
of MB with good confidence. 
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According to the Beer-Lambert law, at a wavelength of 665 nm, the absorbance is linearly 
proportional to the total concentration, written as: 
Equation 3- 3 
𝐴 = 𝑎(𝜆) × 𝑏 × 𝑐 
where 𝐴 is the measured absorbance at wavelength of 𝜆; 𝑎(𝜆) is the wavelength- dependent molar 
absorptivity coefficient with units of 𝑀−1𝑐𝑚−1, a constant in this case; 𝑏 is the path length for the 
light in the measurement z-flow cell, a constant with the unit of 𝑐𝑚; 𝑐 is the concentration of the 
analyte MB with the unit of 𝑀. For first order kinetics, the dependence of the concentration of MB 
upon time t may be written as:  
Equation 3- 4 
𝑙𝑛[𝑐] = −𝑘𝑎𝑝𝑝𝑡 + 𝑙𝑛[𝑐0] 
where 𝑘𝑎𝑝𝑝  is the apparent rate constant with units of 1/ℎ𝑟 ; 𝑐0  is the initial concentration of 
reactant at 𝑡 = 0. The concentration of reactant in Equation 3- 4 can be substituted with Equation 
3- 3 to yield: 
Equation 3- 5 
𝑙𝑛
𝐴
𝑎(𝜆) × 𝑏
= −𝑘𝑎𝑝𝑝𝑡 + 𝑙𝑛
𝐴0
𝑎(𝜆) × 𝑏
 
rearrangement of Equation 3- 5 yields 
Equation 3- 6 
𝑙𝑛[𝐴] = −𝑘𝑎𝑝𝑝𝑡 + 𝑙𝑛[𝐴0] 
Hence, the apparent rate constant 𝑘𝑎𝑝𝑝 can be determined from the slope of the plot of 𝑙𝑛 [𝐴] vs. 𝑡 
without translating absorbance to concentration. 
 62 
 
Reaction System Setup 
The most commonly used photoreactor was designed for particle suspension system with 
simple setup[15], [19]–[22], where photooxidation of reactant was performed with suspended 
particles present and concentration of reactant was recorded at fixed time intervals. For 
photoreactors using immobilized catalyst, the designs varies, including batch or continuous-flow 
photoreactors with immobilized TiO2 on optical fiber[23]–[25],  on glass plates[26], [27], polymer 
fiber[28], polymer plate[29] and fiberglass cloth[30].  Figure 21 shows the immobilized TiO2 
continuous-flow reactor used in current study with the following components: solar simulator, 
reactor assembly, circulation loop, UV-Vis spectroscopy and SpectraSuite® software package. 
Light Source 
The apparent reaction rate constant 𝑘𝑎𝑝𝑝 was measured under a simulated solar spectrum. 
The light source was a 300-watt xenon lamp mounted in Newport solar simulator housing (model 
66902). An AM 1.5 G global filter (Newport, model 81388) was installed in series with the lens 
system to correct the xenon lamp spectrum to mimic the solar spectrum at the zenith angle of 48.2 
degrees. A comparison between the standard AM 1.5G solar spectrum and the output spectrum 
provided by the solar simulator is shown in Figure 22. Ranging from 300 to 380 nm, the solar 
simulator consistently follows the trend of irradiance distribution of the standard AM 1.5 G 
spectrum, yet the corresponding irradiance is lower. Calibration of the total irradiance was 
performed on the solar simulator using a 1 inch1 inch silicon base solar cell (ORIEL®, model 
91150V). A quantitative correlation between the total irradiance and the height measured from the 
solar simulator base was established accordingly, shown in Figure 23. Neglecting the irradiance 
lost due to the quartz window and the MB solution layer (~5mm) above the sample surface, the 
height of the sample was fixed at 1 inch from the solar simulator base, which resulted in a total 
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irradiance of 370 𝑚𝑊/𝑐𝑚2. Because the dimension of TiO2 sample was 1 𝑐𝑚2, the power incident 
upon the sample was thus 370 𝑚𝑊 in total.  
Since TiO2 anatase has a wide band gap of 3.24 eV, only photons with wavelengths equal 
to or shorter than 382nm can be absorbed. Therefore, it is convenient, especially for modeling 
purpose, to choose one single wavelength to represent the part of spectrum being absorbed. This 
was accomplished by integrating the manufacturer’s irradiance spectrum (Figure 22) from 300 nm 
to 382 nm and then dividing by the total spectrum window (82 nm), which gives the average 
irradiance. This average wavelength of 360nm was chosen as the effective single wavelength. 
Reactor Cell Design 
The TiO2 anatase particulate film sample, was mounted on a post-cut microscope slide 
(25mm  28mm, VWR international) using a water-resistant adhesive (0.05ml, Loctite® glass 
glue). Before mounting the sample, the microscope was thoroughly cleaned through Acetone-IPA-
DI water-IPA procedure and air-dried. The sample was glued at the center of the microscope slide 
and left to air-dry for 2 hours to strengthen the adhesion. The reactor body consisted of a 1.5 oz 
soda lime glass vial with an inner diameter of 40 mm. The top lid had a centered circular opening 
(20 mm diameter) covered by a circular quartz disk (1-inch diameter, 1/16-inch thickness, 
Chemglass). Two holes were drilled through the lid on the edge of quartz disk symmetrically along 
the direction of the diameter for the inlet and outlet circulation of the MB solution. The opening 
on the top lid was centrally symmetrically aligned with the outlet of the solar simulator.  
While the reaction was in process, the circulation of the MB solution was implemented to 
retrieve small amount of MB, measure the concentration and send back to the reactor 
simultaneously, using Masterflex® peristaltic pump at a constant flow rate of 4 𝑚𝑙/𝑚𝑖𝑛. The 
direction of circulation loop was specifically designed to force the fluid to flow through the z-flow 
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cell (FIA-100®, 1 cm path length) upwards against gravity. Failing to do so could generate air 
bubbles that reside in the z-flow cell, obstruct the light path of the UV-Vis absorption spectroscopy 
and perturbing the signal acquisition. 
UV-Vis Spectroscopy and SpectraSuite® Software 
The UV-Vis spectrometer used in the experiment (Ocean Optics USB 4000) could measure 
the intensity change for the light with wavelengths ranging from 190nm to 1000nm. At a given 
wavelength, the intensity measured at any time stamp was extremely low. To obtain the intensity 
data with a reasonable single-noise ratio, integration of the measured intensity over a period was 
performed by SpectraSuite® software. In the current work, the integration time was fixed at 2000 
𝑚𝑠. While deionized water circulates in the system, the SpectraSuite® software assessed the 100% 
and 0% intensity reading before each run of experiment as a routine calibration of the spectroscopy. 
When assessing the 100% reading, the intensity value was acquired when no species of interest 
appeared in the circulation; when assessing the 0% intensity reading, a metal piece was inserted 
into the light path of the spectrometer and the ambient light was recorded and used as the 0% 
baseline for the measurement.  
Data Analysis 
Before initializing the photocatalytic reaction and absorbance data collection, the 
equilibrium between the MB solution and the TiO2 sample needed to be established. A constant 
MB absorbance read over 1 hour at the wavelength of 665 nm indicated a successful establishment 
of equilibrium.  
Absorbance was measured every 12 minutes for the calculation of 𝑘𝑎𝑝𝑝 . Each data point 
consisted of the average of its adjacent six readings within one minute, namely ±10, ±20, ±30 
seconds. Although an integration time of 2 seconds provides more than enough data points of 
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absorbance value during the experiment, it is preferred to use multiple data points nearby by 
averaging to smooth out intrinsic randomness of each measurement. Moreover, the MB 
photocatalytic reaction is relatively slow, making the one-minute interval selection sufficient and 
practical. Once all the data points were collected, the rate constant 𝑘𝑎𝑝𝑝 was derived according to 
Equation 3- 6. 
There are various experimental factors that influence the MB photocatalytic reaction rate 
besides the TiO2 itself: the light intensity and wavelength, the circulation loop absorption, the 
substrate assembly other than TiO2, to name a few. To take these factors into account, a blank 
measurement was taken with the same experimental environment and setup, except using only an 
FTO substrate without the TiO2 on top. As shown in Figure 24 and Figure 25, without any 
contribution from TiO2, the ambient system itself contributes 0.0125/ℎ𝑟 to the overall reaction 
rate. This value was subtracted from the measured rate constant to derive the true reaction rate 
constant caused by TiO2. For example, as shown in Figure 26 and Figure 27, the true TiO2 reaction 
rate constant = 0.105/hr – 0.0125/hr = 0.0929/ℎ𝑟.   
Conclusion 
The use of MB as the reactant was justified for TiO2 reaction rate constant (𝑘𝑎𝑝𝑝 ) 
measurement. An immobilized TiO2 photoreactor was made for current study, operation and data 
analysis procedure were established to facilitate reliable data acquisition. The test reaction data 
form the basis of the physics-based model aiming to explain existing experimental data and predict 
further improvements.   
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Figures 
 
Figure 19:Molecular structure of the MB molecule. 
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Figure 20:UV-Vis spectra of the MB solution (initial concentration =10 µM) during 15-hour reaction. This figure is retrieved from 
a blank sample (FTO substrate only) 
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Figure 21:Schematic showing primary components of the reaction rate measurement apparatus. The hose used in the peristaltic 
pump was 1/3 ft Tygon S3® tube with an inner diameter of 1/16-inch. The rest of the circulation flowed through pre-installed 
peristaltic pump tubes with an outside diameter of 1/16-inch. Connections among tubes were secured by hose clamps. 
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Figure 22:The output irradiance spectrum  of a model 94041 Newport solar simulator (300 W Xe Lamp) with an AM 1.5 global 
filter and standard AM 1.5 G solar spectrum(ASTMG173)[31], [32] 
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Figure 23:Correlation between the total irradiance received by the sample and height measured with the solar simulator base as 
zero. 
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Figure 24:Absorbance of MB vs. Time measured at 665 nm for a blank sample (FTO-only substrate) during a 6-hour reaction 
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Figure 25:Linear fitting for ln(absorbance) vs. Time measured at 665 nm for a blank sample (FTO-only substrate) during a 6-hour 
reaction 
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Figure 26:Absorbance of MB vs. Time measured at 665 nm for untreated TiO2 on FTO substrate during a 6-hour reaction 
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Figure 27:Linear fitting of ln(absorbance) vs. Time measured at 665nm for untreated TiO2 on FTO substrate during a 6-hour 
reaction 
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CHAPTER 4: VARIATION OF REACTION RATE WITH SURFACE POTENTIAL (𝑽𝒔) 
 
Abstract 
Surface potential is one of significant parameters for the application of electronic band 
engineering. The surface potential (𝑉𝑠) of particulate TiO2 anatase thin film was manipulated using 
a bias-controlled deuterium plasma. The values of 𝑉𝑠  were determined before and after the 
treatment by an in-situ XPS system, to gauge the causing effect of the plasma and evaluate the new 
surface states plausibly responsible for the variation. A sizable and robust variation of ~0.3 eV on 
surface potential has been recorded and results in varying photocatalytic reaction rate accordingly. 
Monte Carlo simulations were used to estimate the depth of material influenced by the plasma 
treatment and to ensure the manipulations merely occurred on the nominal surface.   
Introduction 
Electronic band bending can be practiced in many scenarios, such as near the surface of 
semiconductor[1]–[11], the interfaces of metals/semiconductors[12]–[15] and the interfaces of 
electrolytes/semiconductors [16]–[20]. It serves at the very heart of many applications[21]–[26] 
and exploits the equilibrating tendency of Fermi levels of different substances when they are 
brought together and form electric contacts[4], [27], [28]. Depending on the physical situation, 
such a phenomenon can be induced/altered differently, including surface states[8], [11], [29]–[31], 
metal/semiconductor contacts[4], [12]–[14], [32], field effects[33], [34], adsorption[35].  
Surface potential (𝑉𝑠) refers to the electronic band bending formed near the surface of 
semiconductor materials[4]. For a clean surface, 𝑉𝑠 may be induced by the surface states rising 
from the termination of lattice periodicity, with corresponding energy band located at the bandgap 
[27]. Consequently, in principle, changing the atomic scale surface environment may lead to the 
variation of surface states and thus induce a change in surface potential. Such an approach has 
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been practiced using plasma treatment on different materials, including GaAs[36], diamond[37], 
[38], GaN[39], indium tin oxide(ITO)[40] and TiO2[41]. In the current study, we focus on the 
surface potential manipulation on TiO2 particulate films using deuterium plasma treatment, and 
further investigate how this change propagates into the change of the photocatalytic reaction rate 
(𝑘𝑎𝑝𝑝 ). The plasma treatment and in-situ XPS measurement in the current work were made 
possible thanks to a collaborative effort generously provided by Professor Allain’s group from the 
Department of Nuclear Plasma Radiological Engineering (NPRE) at the University of Illinois at 
Urbana-Champaign.  
The plasma species that could potentially introduce complexities of foreign atoms was 
purposely avoided to maintain the compositional integrity of the material. Both protium(H2) and 
deuterium(D2) gases were tested for plasma generation. In terms of pressure fluctuation, the D2 
plasma was observed to be more temporally stable during the treatment duration, and thus was 
chosen for the experiment. 
Independent parameter control was highly desired in the current study. Therefore, given 
current plasma treatment conditions, Monte Carlo simulation was performed to analyze how deep 
the plasma species ware able to penetrate the material and to assess whether bulk properties of the 
material could be manipulated during the plasma treatment.  
Experimental Setup 
The IGNIS (Ion-Gas-Neutral Interactions with Surfaces) system (Figure 28), is an in-situ, 
in-operando modification and analysis facility. It was designed to modify the top surface of a 
material on the atomic scale and measure the resulting surface property changes in-situ. The 
modification was enabled by using plasma species with bias-controlled kinetic energy. The 
measurement of 𝑉𝑠  was performed in-situ, which adds great advantage for the fidelity of the 
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measurements by avoiding exposure to air, given the susceptibility of surfaces to atmospheric 
adsorbate and contamination. 
Plasma Source  
The plasma was facilitated by an electron cyclotron resonance(ECR) source(Tectra)[42]–
[44]. The microwave with maximum power of 150 watt and frequency of 2.45GHz was generated 
by a microwave magnetron and subsequently guided by a coaxial feedthrough into the plasma 
chamber, where the plasma was excited due to preferred higher local gas pressure. The plasma 
density was further enhanced by a magnetic quadrupole field around the discharge chamber. The 
quadrupole generated an 87.5 mT magnetic field within the plasma, where electrons in a 2.45GHz 
microwave field performed ECR motion. Electrons were accelerated constantly by the 
electromagnetic field, therefore the collision with other molecules and subsequent ionization were 
intensified. 
Bias Grids 
At the opening of the plasma chamber, two sets of molybdenum grids were installed. When 
one of the grids was positively biased, ions in the plasma were accelerated into the chamber. The 
second grid was designed to assist the ion extraction and beam current control. When the current 
experiment was operating under biased conditions, the grid closer to the plasma source was 
positively biased with 100 V, and the farther one was grounded. When operating under unbiased 
conditions, both grids were grounded.  
Sample Loading Assembly 
The sample was loaded on the molybdenum sample holder using double-sided copper tape 
and a molybdenum clip. The whole assembly was secured on the sample transfer feedthrough 
clamp to load the assembly into and out of the chamber, and change the orientation of the sample 
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in-situ. While performing the pre- and post-XPS measurement, the sample was turned to face the 
analyzer cone tip with a working distance of 40 mm. The sample was turned upwards facing the 
plasma source while plasma treatment was carried out. As shown in Figure 29, the molybdenum 
clip touched the sample surface to attenuate electrostatic charging, which was preferred for XPS 
measurements on insulating materials. In combination with picoammeter installed in series with 
the sample holder, this setup also measured the incident ion flux possible during plasma treatment.  
Plasma Species 
A deuterium nucleus consists of one proton and one neutron, which allows it to have almost 
identical chemical properties to hydrogen. When accelerating through the same biased grids, the 
identically charged plasma species end up with the same kinetic energy.  According to Equation 
4- 1, the deuterium charged species have lower speed and higher momentum compared to protium 
counter parts.  
Equation 4- 1 
𝐾𝐸 =
1
2
𝑚𝑣2 =
(𝑚𝑣)2
2𝑚
 
According to the literature studies of deuterium plasmas at low pressures[45], [46], if 
protium impurities are neglected, the principal ion species can include D+, D2
+ and D3
+. For 
deuterium ECR plasmas with operating pressures lower than of 0.03 torr, the D2
+ is the dominant 
species as measured by a residual gas analyzer (RGA), with a relative abundance of around 70% 
compared to D+ (20%) and D3
+ (10%). This was true for the operating pressure employed in the 
present work, which was on the order of 10−3 torr. At much higher pressure, D3+ becomes 
dominant. The following rate expressions illustrate the possible ionization mechanisms taking 
place:  
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Equation 4- 2 
𝐷2 → 𝐷2
+ + 𝑒− 
Equation 4- 3 
𝐷2 → 𝐷
+ + 𝐷 + 𝑒− 
Equation 4- 4 
𝐷2
+ + 𝐷2 → 𝐷3
+ + 𝐷 
Equation 4- 5 
𝐷3
+ + 𝑒 → 3𝐷 
Since the ionization energy of Equation 4- 3 is 2.7 eV higher than Equation 4- 2, the 
concentration of 𝐷+ is smaller than that of 𝐷2
+ at most pressures. At higher pressures, 𝐷2
+ reacts 
with 𝐷2 to produce the dominant species 𝐷3
+, as shown in Equation 4- 4. The concentration of 
neutral radicals cannot be gauged using an RGA in the current work.  
In-Situ XPS 
The in-situ XPS measurement was performed before and after plasma treatments, to 
compare the energy change of the valence band edge. Every spectrum included a survey including 
O 1s, Ti 2p and C 1s peak, and valence band edge. To resolve the fine binding energy spectrum of 
the valence band edge, 12 repetitive scans were designated to the binding energy from -2 eV to 12 
eV, with the final spectrum being the cumulative average of all twelve.  
Due to the low electrical conductivity of TiO2, electrostatic charging induced a translational 
shift of the whole spectrum. Before the plasma treatment, the adventitious carbon existing on the 
sample surface could be readily used as reference for XPS spectrum calibration. However, during 
plasma treatment, deuterium ions or neutral radicals reacted with adventitious carbon and 
transformed it into ill-defined carbon peak, causing the broadening or even flattening of C1s peak. 
Thus, using the C1s peak was less reliable to calibrate the spectra after treatment to compare the 
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shift of valence band edge. To mitigate this issue, Ti 2p 3/2 peak was used as reference before and 
after plasma treatment instead. Since the plasma treatment flux was moderate with only less than 
2 nm of thickness being affected, the majority of Ti-O bonds within the measuring depth of XPS 
(10nm) remained intact; thus, the Ti 2p 3/2 was sufficiently accurate when incorporating the extra 
shoulder (Ti2O3) caused by plasma treatment in the fitting.  
The in-situ XPS measurement was enabled by a differential pumping system[47]. As 
schematically shown in Figure 28, Figure 30 and Figure 31, the main chamber was connected to 
the XPS analyzer chamber through an adjustable aperture (2.5~50mm), which allowed the photo 
electrons to emitted from the sample to be collected by analyzer. The incident x-rays impinged at 
54.7 ° with respect to the sample normal.  The pressure of the main chamber in XPS mode was 
typically 10−6~10−7 torr, drastically reduced from the plasma operation mode pressure (10−3 
torr). The pressure in the analyzer chamber was kept at 10−7~10−8 torr. The pressure of each 
chamber was established independently by multiple turbomolecular pumps, whose use allowed 
such pressure difference to be maintained.   
Results and Discussion 
Penetration Depth of Incident Ions and Neutral Radicals 
Under the “biased condition”, the positively charged species in the plasma chamber were 
subject to an electric field applied by a bias of 100 V. The ions, dominantly being 𝐷2
+, were thus 
accelerated to a kinetic energy of 100 eV when entering the main chamber. Given the low pressure 
in the main chamber, which was in the range of 1.7 × 10−3𝑡𝑜𝑟𝑟 to 1.9 × 10−3𝑡𝑜𝑟𝑟, a significant 
number of the ions may travel through a distance of 45 cm and arrive at the sample surface without 
colliding with other particles. 
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The flux of incident ions was measured using picoammeter. The current measured during 
the plasma treatment could be converted to the incident flux according to equation (4.6).  
Equation 4- 6 
𝐹𝑙𝑢𝑥 =
𝐼
𝐴
𝑍 
where 𝐼 is the measured current, with the unit of ampere; 𝐴 is the top surface area of the sample 
assembly exposed perpendicularly to the flux of incident ions, with the unit of m3; Z is the number 
of charges of the incident ions, which is assumed to be 1 as 𝐷2
+ is the majority species. The sample 
holder was a circular metal plate with top surface area of 4.9 cm2, as shown in Figure 29. Giving 
the measured current being 5 µA, the incident flux was estimated to be 1.6 × 1013𝑐𝑚−2𝑠−1. 
The ion-TiO2 surface interaction profile was obtained using Monte Carlo simulation 
available in the TRIM package[48]. As indicated in the simulation results(Figure 32), when 
operating in biased condition, the penetration depth of D2 charged species was 27 angstroms, 
which confirms the assumption that plasma treatment affects only the top atomic layers of the 
material. While under the unbiased condition, the neutral radicals were assumed to be the major 
species delivered to the sample surface through gas diffusion, with much smaller kinetic energies 
in the range of a few eVs. Hence, as for penetration depth, even smaller values can be assumed for 
neutral radicals under unbiased condition compared to ions under biased condition. 
Reaction Rates  
Without changing other material properties, the surface potential was increased from 0.31 
eV to 0.62 eV using deuterium plasma treatments, where biased condition provided stronger 
alteration capability comparatively (Figure 33). Accordingly, the apparent reaction rate constant 
improved from 0.093ℎ𝑟−1 to 0.115ℎ𝑟−1(Figure 34&Figure 35). It implies that the increase of 
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surface potential by the factor of 2 may result in the improvement of reaction rate of 24%. The 
qualitative and quantitative interpretation of the reaction rates will be detailed in a later chapter. 
Correlation between D2 Plasma Treatment and Surface Potential Change 
As shown in Figure 33, as treatment time increases, both biased plasma and unbiased 
plasmas induce increases of the surface potential. Starting from identically fabricated samples with 
an intrinsic surface potential of 0.31 eV, though 0.5, 1.0 and 1.5-hour treatment, biased plasma 
treatment increased the surface potential to 0.51 eV, 0.55eV and 0.62 eV, respectively; the 
unbiased plasma treatment increased the surface potential to 0.42, 0.46 and 0.48 eV.  
The distinction can be attributed to the difference in plasma species interacting with the 
sample surface, which led to a change of stoichiometry in the surface layer that was responsible 
for the surface potential change. Upon generation, the species existing in the plasma chamber were 
identical regardless of applied bias, following the kinetics model described in Equation 4- 
2~Equation 4- 5, In both biased and unbiased conditions, the neutral deuterium radicals were 
extremely reactive[49], which would react with O atoms in the TiO2 lattice and cause an O 
deficiency in the very top atomic layer. In addition to the neutral radical species, under the biased 
condition, the dominant charged species(D2
+) that were accelerated to 100 eV would also bombard 
the sample surface. Lighter atoms (oxygen, 16u) had higher sputtering yields compared to heavier 
ones (titanium, 48u), resulting in a deficiency of oxygen atoms within the penetration depth of 27 
angstroms.  This depth exceeded that of pure radical reaction.  
Electronic and chemical changes on the surface were further investigated by fitting the Ti 
2p peaks and analyzing the peak compositions for plasma treatment under biased conditions. As 
shown in Figure 40, compared with raw TiO2 which has only well-defined Ti2p 1/2 peak and Ti 
2p 3/2 peaks[50], [51], plasma treated samples added peaks located at 456.0 eV. Such peaks offer 
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evidence for the existence of Ti2O3[52], [53]. Extra Ti 2p 3/2 and Ti 2p 1/2 split peaks were also 
found. Enlarged fitting details can be found in Figure 36, Figure 37, Figure 38 and Figure 39. 
Possible Influence from UV Illumination 
There are a few literature reports claiming that the UV light emitted from the plasma 
generates robust vacancies in semiconductor materials, TiO2 included[54], [55].  It is rational to 
believe that UV light could generate vacancies that live long. However, for current work, 
consistent presence of UV light and its potential contribution to vacancy generation during plasma 
treatment would not affect the conclusions drawn from the correlation between surface potential 
change and plasma treatment under various conditions. 
Conclusion 
Surface potential manipulation and measurement procedures using deuterium in   IGNIS 
system were demonstrated to be able to increase Vs by approximately the factor of 2 from 0.31 eV 
to 0.62 eV, which propagated to the improvement of reaction rate by 24% compared to untreated 
samples.  
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Figures 
 
Figure 28:IGNIS Plasma Treatment & In-Situ XPS System, shown schematically 
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Figure 29:Sample loading setup, shown schematically  
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Figure 30:Differential pump system in IGNIS 
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Figure 31:Analyzer aperture setup in IGNIS. 
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Figure 32:Monte Carlo simulation of plasma-surface interaction in a TiO2 particulate film. 
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Figure 33:Surface potential change vs. plasma treatment time under biased and unbiased conditions 
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Figure 34:MB photocatalytic oxidation reaction rate vs. plasma treatment time under biased and unbiased conditions 
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Figure 35:Surface potential vs. MB photocatalytic oxidation reaction rate under biased and unbiased conditions 
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Figure 36:Ti2p peaks before plasma treatment 
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Figure 37:Ti2p peaks after 0.5 hr deuterium plasma treatment(100V bias) 
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Figure 38:Ti2p peaks after 1.0 hr deuterium plasma treatment(100V bias) 
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Figure 39:Ti2p peaks after 1.5 hr deuterium plasma treatment (100V bias) 
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Figure 40:Comparison of Ti2p peaks among samples subject to different treatment times 
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CHAPTER 5: VARIATION OF REACTION RATE WITH DONOR                     
CONCENTRATION (𝑵𝒅) 
 
Abstract 
Donor concentration (𝑁𝑑) is crucial parameter dictating the semiconductor properties of 
TiO2, which was previously controlled by various methods. Without introducing foreign atom 
species into the material, a low pressure hydrogen annealing process under fixed temperature at 
500 °C is demonstrated in this chapter to increase donor concentration of TiO2 particulate anatase 
films from 1.27 × 1017 𝑐𝑚−3  to 5.26 × 1019 𝑐𝑚−3  by increasing partial pressure of hydrogen 
from 0 to 20 mtorr. Given the nature of annealing process, the surface potential was also 
influenced, and decreased from 0.31 eV to 0.18 eV. Correspondingly, the photocatalytic reaction 
rate constant decreased by a factor of ~2 as result of the annealing process.  
Introduction 
Past research on the compact polycrystalline TiO2 anatase thin films in Seebauer group[1] 
found that donor concentration(𝑁𝑑) plays an important role in determining the distribution of the 
electric field within the material and regulating the transport of photocarriers for photocatalysis. 
In current study, a similar methodology rooted in electronic band engineering was employed to 
investigate the impact of 𝑁𝑑in TiO2 anatase thin films synthesized from sintered particulates. 
There are, among other methods, three primary approaches to manipulate the donor 
concentration of the TiO2 anatase: introducing dopants[2]–[6], controlling film thickness [7], and 
H2 gas annealing. To change 𝑁𝑑, all three methods have their advantages and disadvantages. For 
example, although doping TiO2 with foreign atoms has had success in narrowing the band gap to 
enhance visible light absorption [4], [8]–[10], electrical activity of such dopants (as either donors 
or acceptors) is difficult to predict and even harder for rational control. Moreover, such doping 
method requires foreign atoms, such as nitrogen[11]–[14] and fluorine[9], [15], [16], to be 
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introduced to the material. These atoms could segregate to the surface and influence chemical 
reactivity by mechanisms entirely separate from the electronic band engineering aspects of 
photocatalysis. Therefore, introduction of foreign atoms will potentially complicate the electronic 
band structure and crystalline phase of the TiO2 anatase, making some known properties of the 
anatase inapplicable. As an alternative, using film thickness to control the donor concentration of 
initially amorphous TiO2 is possible but unpredictable in its effects (e.g. see the medium range 
order theory[7]). Particulate thin films offer advantages of cost and scalability. Formation of the 
particulate film was accomplished by sintering individual crystalline particles together without 
altering their crystalline structure substantially.  
H2 gas annealing refers to the treatment of material under controlled temperature and 
controlled pressure, surrounded by H2. It is widely used both in research and in the industry to tune 
the TiO2’s donor concentration to change the material’s optical and electric properties [5], [6], 
[17]–[20]. H2 was selected over O2 because most of the heating element was made of copper, which 
could be easily oxidized. Conventional H2 gas annealing often requires high H2 pressure and 
prolonged treatment time (e.g. 20 bars for five days [5]) which makes it inapplicable to the current 
research because it would cause unwanted changes in the optical properties of the sample (such as 
blackening) due to excessive chemical reduction. The current research thus modified the H2 
annealing process to use a lower pressure equal to or less than 20 mtorr, which was not investigated 
in previous studies. 
Experimental Setup 
The H2 annealing setup is shown in Figure 41 and Figure 42. A resistively heated back 
plate was used to control the sample temperature within a small chamber (approximately 0.2 L 
volume) with controlled annealing gas pressure (0~20 mtorr), evacuated with a mechanical 
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vacuum pump. The pressure of the annealing chamber was read by pressure gauge and controlled 
by leak valve. N-type doped (Sb, 0.013Ωcm resistivity) Si (100) wafer was cut into 2cm by 1cm 
rectangles, serving as the back-heating plate for the sample. The polished side of the plate was in 
tight contact with the base of sample substrate through a ceramic adhesive interlayer, which 
physically bonded the heating plate and the sample together to ensure a good heat conduction 
during the annealing process. The two narrow ends of the plate were wrapped with tantalum single 
layer foil (thickness 0.25mm, Sigma-Aldrich) to minimize the contact resistance between copper 
elements and the Si back-heating plate thanks to the likely formation of a tantalum silicide. 
Aremco ULTRA-TEMP 516 was used as the interlayer ceramic adhesive. The contents 
of the adhesive required thorough mixing prior to each use. The surfaces of the back-heating silicon 
plate as well as the bottom of the sample substrate were thoroughly cleaned by performing the 
Acetone-IPA-DI-IPA cleaning approach. Cleaned pieces were left to air dry with the Si polished 
side facing upwards. The 0.05 ml of the adhesive, gauged by 0.1ml syringe, was applied on the 
center of heating plate. Then the base of the sample substrate was gradually attached onto the 
adhesive site with the long sides of the heating plate and the sample substrate aligned 
perpendicularly. Gentle pressure was applied to ensure a firm latch, followed by a 24-hour room 
temperature air dry and a 2-hour 94 °C ambient air annealing, before the whole assembly was put 
into use. 
A Chromel–Alumel (K type) thermal couple was affixed to the feedthrough of the chamber 
to measure the in-situ temperature of the back-heating plate during annealing, with the measured 
results displayed on the thermocouple reader. The back-heating plate temperature was measured 
rather than the TiO2 sample directly because the low thermal conductivity of TiO2 would have 
easily led to a delay of temperature adjustment and could have resulted in 
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overheating/underheating. Moreover, taking the temperature of the sample would have required a 
direct contact between the thermocouple and the sample, which would jeopardize the integrity of 
the particulate film. Consequently, the tip of the thermocouple was instead firmly attached to the 
back-heating plate to ensure accurate temperature control of the overall assembly over 500 ºC from 
run to run.  
Annealing Operation 
The sample assembly was readied as shown in Figure 41 & Figure 42 and inserted into the 
chamber through a conflat connection. The thermocouple reading connector and heating cables 
were wired in the usual default configuration. For safety precautions, the H2 tubing, regulator 
value, leak valve and connectors were scrutinized to avoid leaking and unintended opening. Then, 
the thermocouple reader was turned on and the gate valve was opened, connecting the chamber to 
the mechanical belt pump. 
Initially, the chamber was pumped down to around 20 mtorr. It generally took about 15-20 
mins before the pressure stabilized. The stabilized pressure was recorded as P0. The output current 
and the voltage applied on the back-heating assembly in the chamber was adjusted gradually and 
alternately, until the temperature reached 500 ºC. As the temperature approached 450 ºC, control 
was switched from rough knob to fine tune knob while continuing adjustments of the temperature 
until no further changes were observed within 10 minutes. The 10-minute waiting time ensured 
the equilibrium of the sample temperature and its surroundings. 
The H2, which was initially regulated at 20 psi, was fine-tuned through leak valve until the 
chamber pressure reached a desired value, recorded as PD. As the pressure approached the desired 
setpoint, the voltage and current knobs also required close attention because the introduction and 
extraction of H2 would facilitate the heat dissipation through convection. When both the 
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temperature and the pressure were stable at their target values, the time was recorded as the start 
time. One hour after the start time, the H2 valves, leak valve, and heating power supply were all 
shut off, while the pump was kept running to rapidly reduce the chamber pressure to around P0. 
The temperature of the whole chamber approached room temperature in about one hour, when the 
sample assembly was retrieved.  
The measurements of the donor concentration and surface potential were performed as 
illustrated in Chapter 2, and the MB photocatalytic reaction was conducted as described in Chapter 
3. Once a repeatable correlation was established between annealing pressure and the donor 
concentration, new samples were made accordingly for the test reactions. Before using the 
annealed sample in the test reaction, it was removed from the back-heating plate using a razor 
blade. The base of the FTO substrate was cleaned thoroughly before being mounted onto 
microscope slides again.  
Results and Discussion 
An annealing process in hydrogen gas was designed to change both the bulk and surface 
properties of porous anatase given the large diffusion coefficient associated with gas molecules in 
the porous structure[21]–[24]. Along with the increase of hydrogen partial pressure from 0 to 20 
mtorr, the measured donor concentration jumped more than 2 orders of magnitude, from 
1.27 × 1017 𝑐𝑚−3 to 5.26 × 1019𝑐𝑚−3(Figure 43), the surface potential decreased from 0.31 eV 
to 0.18 eV (Figure 44), which provides a large manipulation space for electronic band engineering 
from two parameter dimensions. The donor concentration increases because the very mild 
chemical reduction of the TiO2 causes the loss of oxygen, which gives rise to increasing 
concentrations of donor Ti interstitials and/or O vacancies.  Meanwhile, the corresponding 
apparent reaction rate constant ( 𝑘𝑎𝑝𝑝 ) decreased by a factor of ~2 from 0.093 ℎ𝑟
−1  to 
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0.040ℎ𝑟−1(Figure 45), implying that, as result of hydrogen annealing process, the increase of Nd 
and increase of Vs reduces the TiO2 particulate films’ effective use of photo holes. The qualitative 
and quantitative interpretation of the rate data will be detailed in later chapters.  Additionally, the 
highest value of Nd achieved in the current study (5.26 × 1019𝑐𝑚−3) is much lower than what was 
reported for the blackened TiO2 made in other processes( 2.1 × 1022𝑐𝑚−3 )[5], [25], which 
dramatically changed its electrical and optical properties(Figure 46). Meanwhile, after the 
intensive hydrogen treatment[5], [25], the blackened TiO2 anatase added several peaks its pristine 
XRD patterns which was believed to be rising from the disorder caused by the treatment. No such 
peaks were observed on the 20mtorr hydrogen treated samples in current study.   
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Figures 
 
 
 
 
Figure 41:H2 Annealing Setup 
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Figure 42:Sample Assembly (Si back-plate heating setup) 
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Figure 43:Depandence of donor carrier concentration over hydrogen annealing pressure 
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Figure 44:Convolution of donor carrier concentration and surface potential 
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Figure 45:Dependence of reaction rate constant on donor carrier concentration and surface potential 
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Figure 46:UV-Vis absorption spectroscopy of hydrogen annealed TiO2 sample, compared with literature data for intensively 
blackened TiO2 [5] shown as internal window. 
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CHAPTER 6: QUANTITATIVE MODEL 
 
Abstract 
The overall reaction rate of the particulate TiO2 thin film to photocatalytically oxidize 
methylene blue (MB) in aqueous solution is dictated by the transport of photogenerated holes in 
the solid film, as well as the transport of MB molecules in the solution through the porous TiO2 
structure. The present work aims to employ electric band engineering principles to manipulate the 
essential aspects of photocarrier transport, and presents a model offering a quantitative 
rationalization and fit of the experimental results, including the effects of surface potential (VS),  
donor concentration (Nd), and the liquid diffusion coefficient. Band engineering through VS and 
Nd increases reaction rates by a factor of 2.5 over the rate that would be observed if only hole 
diffusion influences the rate.  The improvement stems from the sweeping of holes by the electric 
field in the space charge layer to the nominal free surface, where the reactant concentration is much 
higher than in within the pores that impede liquid diffusion.     
Introduction 
As indicated in Chapter 1, the primary way that field-drift of photocarriers should improve 
the overall photocatalysis rate of a film is to sweep photocarriers generated deep within the solid 
toward the nominal free surface.  In nonporous films, these carriers would otherwise be lost to 
bulk recombination before diffusing to the surface [1]–[3].  In porous films where carriers diffuse 
readily to internal surfaces, slow fluid-phase diffusion within the pores prevents many of the 
available photocarriers from “seeing” much reactant.  A suitably directed electric field sweeps 
those carriers to the external film surface where no pore diffusion exists and the reactant 
concentration is much higher.    
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Fluid diffusion limitations on photoreactions in porous films has been modeled 
mathematically by Edwards [4], but that treatment included no effects of drift.  A quantitative 
description of the combined effects of drift as well as carrier and fluid diffusion does not exist in 
the literature.  
This gap probably arises for several reasons. Individual metal oxide particles are so small 
that significant fields cannot build up within them[5], [6]. Many applications involve 
photoelectrochemistry that employs fluids with high ionic strength, so that the electric potential at 
solid surfaces cannot be controlled independently from electrode potentials.  Diffusion rates in 
gases are rather fast compared to photoreaction rates, even within confined pores. And little science 
base exists for describing the motion of photocarriers through a polycrystalline solid network under 
the influence of diffusion and drift. But the present case of a sintered particulate film in a liquid of 
low ionic strength covers a significant range of applications, and the particles in aggregate can 
support built-in fields extending over distances of tens to hundreds of nanometers.  Results from 
the previous chapters demonstrate that parameters like VS and Nd that enable band engineering in 
nonporous photocatalysts also exert significant effects in porous ones.  Thus, a suitable quantitative 
model is needed to describe the governing principles and to guide their exploitation for 
applications.  
The model developed in this chapter accomplishes those goals.  The model employs a one-
dimensional, steady-state treatment that combines a standard analytical description of combined 
diffusion-reaction in a porous catalyst with the physical insights underlying a conventional 
photocurrent model for photoreactions of nonporous films. With respect to carrier transport, the 
solid network is assumed to behave like a uniform medium with electric fields described by 
Poisson’s equation in one dimension. Although carrier lifetimes and mobilities are probably 
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smaller than in compact polycrystalline films, all photocarriers generated within the space charge 
layer (SCL) near the nominal free surface are assumed to reach that surface. Illumination is 
assumed to occur at a single wavelength with a penetration depth that is large compared to the 
width of the SCL. 
Despite the possible severity of some of these assumptions, the model explains rate data as 
a function of VS, ND and liquid diffusivity remarkably well.  The rates range over a factor of 
roughly 2.5.    
Distribution of the Photohole Generation Rate  
While photons with energy greater than the anatase TiO2’s bandgap (3.2 eV, equivalent to 
light wavelength of 382nm) are travelling through the film, part of them are absorbed and 
converted to EHPs through excitation. The generation rate of photoholes is defined solely 
according to local light intensity,  
where 𝐼 is the light intensity measured at the nominal surface of the film; 𝑅 is the reflectance of 
the film; 𝛼 is the absorption coefficient; ℎ𝑣 is the energy of incident photons that subsequently 
generate EHPs.  Since the quantities in 
𝐼(1−𝑅)𝛼
ℎ𝑣
 are all constants, it is convenient to define 𝐺0 =
𝐼(1−𝑅)𝛼
ℎ𝑣
 as the generation rate observed on the nominal surface for notational simplicity. The spatial 
distribution of the generation rate is shown in Figure 47. The solar simulator used in the current 
work has a wide spectrum (300~382nm) used by TiO2 to generate EHPs. As discussed in chapter 
3, according to the average light irradiance within this spectrum, 360 nm was chosen as the 
effective wavelength for ease of analysis. Therefore, the absorption coefficient used for the 
      
𝐺 =
𝐼(1 − 𝑅)𝛼
ℎ𝑣
𝑒𝑥𝑝(−𝛼𝑥) = 𝐺0𝑒𝑥𝑝
(−𝛼𝑥) 
  Equation 6- 1 
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evaluation of the EHPs generation rate would also uses the value at 360 nm, which is 
1.67 × 10−4𝑛𝑚−1. 
Transport of Photogenerated Holes  
Band Diagram  
As shown in Figure 48, TiO2 anatase has a band gap of 3.2 eV with the Fermi level lying 
level close to its conduction band according to Equation 6- 2: 
𝐸𝑖 is the intrinsic fermi energy, estimated to be at the center of the bandgap; 𝑛𝑖 is the intrinsic 
carrier density; 𝑛0 is the electron density, which is equal to the donor concentration (𝑁𝑑) when 
donors are assumed to be 100% ionized. The upward band bending (measured as discussed in 
Chapter 4), as seen in Figure 48, establishes the electric field magnitude and direction within the 
TiO2, and results from the presence of surface states created by the abrupt interruption of the 
periodic structure in atomic scale from its crystalline regularity[5]. Carriers within the field 
undergo drift, sweeping the positively charged holes toward the surface while the negatively 
charged electrons move toward the bulk. Hence, for the purpose of maximizing the use of 
photocarriers, it is important to gauge the range and the magnitude of the field that extends into 
the film.  
   The Poisson equation, as shown in Equation 6- 3 according to the coordinates defined in 
Figure 48, is used to describe the various quantities regarding such electric field: 
 
𝐸𝐹 = 𝐸𝑖 + 𝑘𝑇𝑙𝑛
𝑛0
𝑛𝑖
= 𝐸𝑖 + 𝑘𝑇𝑙𝑛
𝑁𝑑
𝑛𝑖
 
 Equation 6- 2 
 𝑑2𝑉(𝑥)
𝑑2𝑥
= −
𝜌
𝜀0𝜀𝑟
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𝑉(𝑥) is the electric potential at film depth x; 𝜌 is the space charge density;  𝜀0 is the vacuum 
permittivity; 𝜀𝑟 is the relative dielectric constant, 55 for anatase TiO2[7];  𝑤 is the thickness of the 
SCL. Within the SCL ( 0 ≤ 𝑥 ≤ 𝑤), the positive charges have a density of 𝑒𝑁𝑑, which is caused 
by the homogenously distributed, fully ionized donors. Beyond the SCL (𝑥 > 𝑤 ), the bands 
become flat, with the positive charges density dropping to zero and both electric potential and 
electric field equal to zero. 
With the boundary condition: 
where the 𝑉𝑠 is the surface potential measured on the very top surface of the film, the Poisson 
equation can be solved analytically and the solution is given as: 
Equation 6- 4 
The spatial distribution of the electric potential and electric field with various donor concentration 
are shown in Figure 49，Figure 50，Figure 51 and Figure 52, according to the analytical solution 
of the Poisson equation. Here, both the distribution of the electric potential and the electric field, 
at any given point of thickness, depend upon the donor concentration (𝑁𝑑) and the surface potential 
 
𝜌 = {
𝑒𝑁𝑑   (0 ≤ 𝑥 ≤ 𝑤)
          0        (𝑥 > 𝑤)                   
 
 Equation 6- 3 
 𝑉(0) = 𝑉𝑠  
 
𝑉𝑠(𝑥) = {
−
𝑒𝑁𝑑
2𝜀𝑠𝜀0
(𝑥 − 𝑤)2         (0 ≤ 𝑥 ≤ 𝑤)
     0                                (𝑥 > 𝑤)     
 
 
 
𝜀(𝑥) = {
𝑒𝑁𝑑
𝜀𝑠𝜀0
(𝑥 − 𝑤)         (0 ≤ 𝑥 ≤ 𝑤)
     0                             (𝑥 > 𝑤)     
 
 
 
𝑤 = √
2𝜀𝑠𝜀0𝑉𝑠
𝑒𝑁𝑑
2
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(𝑉𝑠) along with other material constants, which provides the model with powerful capability and 
mathematical convenience to investigate possible manipulations that are beneficial for the current 
reaction system. Note that, 𝑤 determines a transition depth between two transport regimes in the 
solid. Drift only occurs within 0 ≤ 𝑥 ≤ 𝑤. 
Drift and Diffusion 
The electron mobility of sputter-coated and single crystal anatase TiO2 films are claimed 
to be 0.1~4 × 10−4𝑚2𝑉−1𝑠−1[8] and 1.9 × 10−3𝑚2𝑉−1𝑠−1[9], respectively. Comparatively, the 
electron mobility in nanoparticulate TiO2 film is orders of magnitude lower, estimated to be within 
the rough range of 10−11~10−7𝑚2𝑉−1𝑠−1[10], [11]. The lifetime of the electron hole pairs in the 
TiO2 particulate film is estimated to be 1 × 10−9~10−7s, comparable to compact films and single 
crystal TiO2 [12], [13]. Given the electric field (~107𝑉/𝑚) shown in Figure 51, Figure 52, as well 
as the mobility and lifetime of carriers in porous TiO2 films, it is viable to estimate the drift 
component to be much more pronounced than the diffusion component, according to 
𝑥𝑑𝑟𝑖𝑓𝑡 = 𝜇𝛦𝜏 
𝑥𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = √𝜇
𝑘𝐵𝑇
𝑞
𝜏 
𝜇 is the mobility of electrons; 𝛦 is the electric field within SCL; 𝜏 is the lifetime of EHPs. As a 
comparison, when 𝜇 = 10−7𝑚2𝑉−1𝑠−1 , 𝛦 = 107𝑉/𝑚 , 𝜏 = 10−7s , 𝑥𝑑𝑟𝑖𝑓𝑡 = 100𝑛𝑚 , whereas 
𝑥𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 = 16𝑛𝑚. Therefore, the drift component is more significant than the diffusion, in the 
sense that photoholes drift to the nominal free surface before they are consumed on the side walls 
of adjacent particles. 
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Transport of MB in Liquid 
Rate Expression Derivation  
The overall time span for one experiment run, 𝑡, is roughly 6 hours; 𝐷𝑀𝐵−𝑏𝑢𝑙𝑘 𝑙𝑖𝑞𝑢𝑖𝑑 is the 
diffusion coefficient of MB in bulk liquid phase; 𝑙 is the corresponding characteristic diffusion 
length of MB. 
𝑡 = 6 ℎ𝑜𝑢𝑟𝑠 
𝐷𝑀𝐵−𝑏𝑢𝑙𝑘 𝑙𝑖𝑞𝑢𝑖𝑑 = 4 × 10
−6𝑐𝑚2/𝑠  [14] 
𝑙2 = 6𝐷𝑀𝐵−𝑏𝑢𝑙𝑘 𝑙𝑖𝑞𝑢𝑖𝑑∙𝑡 
𝑙 = √6 × (4 × 10−6) × (4 × 3600) = 0.58𝑐𝑚 
𝑙 approximately equals the width of the reaction cell. Together with the convection of flow within 
the reaction cell, it is reasonable to assume that MB is well mixed in the cell during the time span 
of one measurement.  This assumption implies that there exists no boundary layer for mass transfer 
in the liquid near the nominal free surface, and that the concentration of MB at the surface equals 
to that within the bulk.  
Here we consider the sample as a porous catalyst in the form of a rectangular slab 
undergoing first order reaction. The nominal free surface is defined as the top sample area seen 
through a bird’s-eye view perpendicular to the substrate, with its value noted as A𝑛𝑜𝑚. Thickness 
of the sample is noted as 2L. Under steady state conditions, the reactant diffuses into the film from 
the nominal free surface and is consumed within. For the first order reaction, the reaction rate is 
given by  
where 𝑘 is the rate constant for photocatalytic reaction per unit area, assuming spatially uniform 
light absorption down to deep bulk (𝛼 = 1.64 × 10−4𝑛𝑚−1, which leads to an absorption depth 
 −𝑟 = 𝑘𝐴𝐶  Equation 6- 5 
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of about 6000 nm that is large compared to w). Thus, for the current reaction according to the 
coordination shown in Figure 53, we have the continuity equation: 
𝑑2𝐶𝑀𝐵
𝑑𝑥2
− (
𝑘𝐴
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
) 𝐶𝑀𝐵 = 0 
where A is the surface area available within catalyst per unit volume (𝑐𝑚2/𝑐𝑚3); 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  is the 
diffusion coefficient of MB in the porous structure[14]. 
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 = 4 × 10
5𝑛𝑚2/𝑠 
given the boundary conditions 
𝐶𝑀𝐵|𝑥=𝐿−𝑤 = 𝐶𝑤 
𝑑𝐶𝑀𝐵
𝑑𝑥
|
𝑥=0
= 0 
where 𝐶𝑤 is the concentration of MB at the edge of SCL with width 𝑤 = 𝑥𝑠𝑐𝑟. 
Solution: 
Since the drift of photoholes within SCL is dominant, it is reasonably assumed that most of the 
reaction contributed by drift occurs on the nominal free surface. Thus, MB essentially diffuses 
through SCL without participating in the reaction. Under steady state, the flux of diffusion without 
reaction within SCL is: 
combination of Equation 6- 6 and Equation 6- 7 at 𝑥 = 𝐿 − 𝑤(the edge of SCL) gives  
 
𝐶𝑀𝐵(𝑥) = 𝐶𝑤
𝑐𝑜𝑠ℎ(𝑥√𝑘𝐴/𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 )
𝑐𝑜𝑠ℎ[(𝐿 − 𝑤)√𝑘𝐴/𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 ]
 
 
 Equation 6- 6 
 
𝐹𝑙𝑢𝑥 = 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
𝐶𝑏𝑢𝑙𝑘 − 𝐶𝑤
𝑤
 
 
 Equation 6- 7 
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= 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  𝐶𝑤
√𝑘𝐴/𝐷𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  
𝑐𝑜𝑠ℎ[(𝐿 − 𝑤)√𝑘𝐴/𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 ]
𝑠𝑖𝑛ℎ [(𝐿 − 𝑤)√𝑘𝐴/𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 ] 
= 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  𝐶𝑤𝑡𝑎𝑛ℎ [(𝐿 − 𝑤)√𝑘𝐴/𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 ] 
According to Equation 6- 6 
𝐶𝑏𝑢𝑙𝑘 = 𝐶𝑤 [1 + 𝑤√
𝑘𝐴
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
𝑡𝑎𝑛ℎ(𝐿 − 𝑤)√
𝑘𝐴
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
] 
therefore, 
𝐶𝑤 =
𝐶𝑏𝑢𝑙𝑘
1 + 𝑤√
𝑘𝐴
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
𝑡𝑎𝑛ℎ [(𝐿 − 𝑤)√
𝑘𝐴
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
]
 
where 𝐶𝑏𝑢𝑙𝑘 was measured using the UV-Vis spectroscopy; 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 is a known value; A came 
from BET measurement, and 𝐿/2 is the known thickness of the film.  
The total reaction rate (𝑟𝑡𝑜𝑡𝑎𝑙 , 𝑐𝑚
−3𝑠−1) is attributed to the sum of contributions from the 
drift of holes generated within the SCL towards the nominal surface (𝑟𝑑𝑟𝑖𝑓𝑡) and the diffusion of 
holes generated beyond the SCL to particle sidewalls (𝑟𝑝𝑜𝑟𝑒). 
For reactions within deep pores, the Thiele modulus, Φ, in the current geometry (Figure 
53) is 
Φ = (𝐿 − 𝑤)√𝑘𝐴/𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  
 
𝐹𝑙𝑢𝑥 = 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  
𝑑𝐶
𝑑𝑥
|
𝑥=𝐿−𝑤
 
 
 Equation 6- 8 
 𝑟𝑡𝑜𝑡𝑎𝑙 = 𝑟𝑑𝑟𝑖𝑓𝑡+𝑟𝑝𝑜𝑟𝑒  Equation 6- 9 
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The effectiveness factor, 𝜂, is defined accordingly for the volume beyond the SCL: 
𝜂 =
𝑎𝑐𝑡𝑢𝑎𝑙 𝑟𝑎𝑡𝑒 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
𝑟𝑎𝑡𝑒 𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠
 
In the current case, 
𝜂 =
𝑡𝑎𝑛ℎΦ
Φ
=
1
𝐿 − 𝑤 ∫ 𝑟(𝑥)𝑑𝑥
𝐿−𝑤
0
𝑟(𝐶𝑤)
 
thus,  
𝑟𝑝𝑜𝑟𝑒 = 𝜂𝑟(𝐶𝑤) = 𝜂𝑘𝐴𝐶𝑤. 
Multiplying 𝑟𝑝𝑜𝑟𝑒 by the volume Anom(L-w) in the region beyond the SCL gives the total reaction 
rate 𝑅𝑝𝑜𝑟𝑒 (molecules ∙ 𝑠
−1) converted by the deep pores: 
where Anom represents the nominal area at the free surface, 1 cm
2 in current study.   
To compute the drift component of the total rate, the reaction can be conceptualized as if 
it were occurring throughout the volume of the SCL (but at concentration Cbulk) instead of at the 
nominal surface.  This approach permits the reaction rate constants within the SCL and beyond the 
SCL to be defined on the same footing, and simplifies the final rate expression.   The drift 
contribution to the total rate is 
𝑟𝑑𝑟𝑖𝑓𝑡 is the reaction rate on the nominal surface if all EHPs within the SCL that could react under 
the influence of drift do actually react. 
𝑟𝑑𝑟𝑖𝑓𝑡~𝑘
′𝐶𝑏𝑢𝑙𝑘 ∫ 𝐺𝑒0𝑒𝑥𝑝
(−𝛼𝑥)
𝑤
0
≈ 𝑘′𝐶𝑏𝑢𝑙𝑘𝐺𝑒0𝑤 
 𝑅𝑝𝑜𝑟𝑒 = 𝑟𝑝𝑜𝑟𝑒𝐴𝑛𝑜𝑚(𝐿 − 𝑤) = 𝜂𝑘𝐴𝐴𝑛𝑜𝑚(𝐿 − 𝑤)𝐶𝑤  
 
 Equation 6- 10 
 𝑅𝑑𝑟𝑖𝑓𝑡 = 𝑟𝑑𝑟𝑖𝑓𝑡𝐴𝑛𝑜𝑚𝑤 = 𝑘𝐴𝐶𝑏𝑢𝑙𝑘𝐴𝑛𝑜𝑚𝑤  Equation 6- 11 
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Thus, given Equation 6- 9，Equation 6- 10 and Equation 6- 11, the total reaction rate is 
given by 
where 
𝐶𝑤 =
𝐶𝑏𝑢𝑙𝑘
1 + 𝑤√
𝑘𝐴
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
𝑡𝑎𝑛ℎ((𝐿 − 𝑤)√
𝑘𝐴
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
)
 
𝜂 =
𝑡𝑎𝑛ℎΦ
Φ
 
Φ = (𝐿 − 𝑤)√𝑘𝐴/𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  
It is noteworthy that the diffusivity 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  always enters into the overall rate as a 
composite parameter with k.  However, k also appears by itself as the leading term in Equation 6- 
12. Thus, the value of 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 can be disaggregated from that of k. This disaggregation takes 
place most obviously in the limit of w  0, where Rtotal  Rpore.  In this regime, Rtotal becomes 
largely independent of w. Both k and 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 contribute to the rate and cannot be disaggregated. 
But Rdrift can dominate the total reaction rate for large values of w. In this regime, Rtotal varies 
linearly with w, and the effects of 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 become negligible.  This regime determines the unique 
value of k,  
Although the formulae for nonlinear least squares fitting permits estimation of the 
confidence intervals for k and 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 using all data points, the behavior of Rtotal permits a more 
intuitive approach. We assume the errors in k and 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  are uncorrelated. At large w, Rtotal is 
dominated by Rdrift, depends approximately linearly upon k, and has little dependence upon 
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 . The confidence interval of Rtotal in this range is 0.0015 hr
-1, and itself Rtotal has a value 
 𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑑𝑟𝑖𝑓𝑡 + 𝑅𝑝𝑜𝑟𝑒 = 𝑘𝐴𝐴𝑛𝑜𝑚[𝐶𝑏𝑢𝑙𝑘𝑤 + 𝜂𝐶𝑤(𝐿 − 𝑤)]  Equation 6- 12 
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of about 0.1 hr-1.  Thus the fractional confidence interval is about 0.015, which propagates 
linearly into a similar fractional error for k.   At small w, the total spread of the two data points for 
Rtotal is about 0.026 hr
-1, with an average value of Rtotal being 0.053 hr
-1, implying a fractional error 
of (0.013/0.053) = 0.25.   Since Φ is large, Rtotal scales as 𝑘/Φ. But Φ in this limit scales as 
(k/𝐷𝑀𝐵−𝑝𝑜𝑟𝑒)
0.5, so that Rtotal scales as scales as 𝑘0.5𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
0.5.  Thus, the contributions of the 
fractional errors in k and 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 enter into Rtotal with equal weight.  Since the fractional error in 
k is about an order of magnitude smaller than that in Rtotal, the latter confidence interval in Rtotal 
must be dominated by that in 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 
0.5. Thus the fractional error in 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 is twice that for 
Rtotal, or 0.5. This confidence interval is large enough to be better expressed as about a factor of 
two in either direction, or a factor of 100.3 as shown in Table 4.  
The apparent total reaction rate constant 𝑘𝑎𝑝𝑝 was measured using UV-Vis spectroscopy 
according to Chapter 3, which calculates 𝑅𝑡𝑜𝑡𝑎𝑙 following first order reaction kinetics. 𝐶𝑀𝐵𝑖𝑛𝑖 is 
the initial MB concentration, conveniently used to gauge the total reaction rate: 
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑘𝑎𝑝𝑝𝐶𝑀𝐵𝑖𝑛𝑖 
Once 𝑅𝑡𝑜𝑡𝑎𝑙 is calculated based on one set of experiment data (Table 2), 𝑘 and DMB-pore can be 
derived based on Equation 6- 12.  
Liquid Diffusion Coefficient Manipulation 
The manipulation of the diffusivity of the MB was accomplished in view of the Stokes-
Einstein equation[15]. The equation below is used to calculate the diffusion coefficient of spherical 
particles at low Reynolds number, 
 
 
𝐷 =
𝑘𝐵𝑇
6𝜋𝜂𝑚𝑟𝑀𝐵
 
 Equation 6- 13 
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where the key parameters are 𝐷, the diffusion coefficient; 𝑘𝐵, Boltzmann constant; 𝑇, absolute 
temperature, chosen to be room temperature at 298 K; 𝑟𝑀𝐵 , radius of MB molecule, m; 𝜂𝑚 , 
viscosity of the medium.  
Viscosity manipulation was accomplished using polyethylene glycol 2000(PEG 2000, 
Sigma Aldrich, MW=1800 g/mole), following the work of Murugesan[16]. Under room 
temperature (T=298.15K), density and viscosity data [16] for various PEG mass fractions (Figure 
54 and Figure 55) was used here. There was no evidence that PEG 2000 itself participated in the 
degradation of MB, nor did it interact with photogenerated holes or electrons from the TiO2 
photocatalyst. Its role in the MB solution was solely to increase the viscosity of the liquid by 
facilitating strong intermolecular friction when PEG molecules were randomly coiled and 
swollen[17]. Given the density change that occurred while varying PEG mass fraction, measures 
were taken to ensure the constant reaction system volume and MB concentration by customizing 
the MB solution for each PEG mass fraction the experiment employed.   
Current work employed different mass fractions of PEG in the liquid for varies reaction 
rate measurements. The viscosity of solution increased from 0.894 mPa ∙ s of aqueous solution to 
2.271 mPa ∙ s  and 4.161 mPa ∙ s  for the solutions with PEG mass fractions of 0.1 and 0.2, 
respectively[16]. Following Equation 6- 13 and the fitted value of 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 , the effective 
diffusion coefficients of MB in porous film with added PEG decreases to the factor of 
0.894
2.271
 and 
0.894
4.161
 of its original value measured in pure water, respectively.  
Fitting Results and Model Validation 
The MB photocatalytic reaction experiment results are summarized in Table 2, with last 
column being the fitted values of 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 to note the different diffusion conditions in each 
reaction case.  Table 3 shows the constants directly available or measured in experiments:  𝐿 was 
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measured using profilometer (Chapter 2); 𝐶𝑏𝑢𝑙𝑘 was calculated when the MB solution was made 
(Chapter 3); 𝐴 was calculated using the BET measurement data (Chapter 2). Therefore, the model 
shown in Equation 6- 12 only has 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 , and 𝑘 as independent constants to be determined. 
Fitting results are shown in Table 4. 𝛷 and 𝜂 are also listed since they are directly calculated based 
on the fitted constants when 𝑤=121.9nm (Table 5). 
Treatments 𝑁𝑑(cm
-3) 𝑉𝑠(eV) w(nm) Reaction Rate  
Constant(hr-1) 
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  
(𝑛𝑚2/𝑠) 
Untreated film  1.27E+17 0.31 121.9 0.09311 1.30 × 105 
𝐷2 Plasma 0.5hr (biased) 1.27E+17 0.51 156.3 0.10526 1.30 × 10
5 
𝐷2 Plasma 1.0hr (biased) 1.27E+17 0.55 162.3 0.10384 1.30 × 10
5 
𝐷2 Plasma 1.5hr (biased) 1.27E+17 0.62 172.3 0.11518 1.30 × 10
5 
𝐷2 Plasma 0.5hr 
(unbiased) 1.27E+17 0.42 
141.9 
0.09452 
1.30 × 105 
𝐷2 Plasma 1.0hr 
(unbiased) 1.27E+17 0.46 
148.4 
0.09921 
1.30 × 105 
𝐷2 Plasma 1.5hr 
(unbiased) 1.27E+17 0.48 
151.6 
0.10225 
1.30 × 105 
𝐻2 annealing 10mtorr 5.64E+18 0.25 16.4 0.06624 1.30 × 10
5 
𝐻2 annealing 20mtorr 5.26E+19 0.18 4.6 0.04005 1.30 × 10
5 
Untreated film, 0.1 PEG 
1.27E+17 
0.31 121.9 0.07878 0.50 × 105 
Untreated film, 0.2 PEG 
1.27E+17 
0.31 121.9 0.07368 0.27 × 105 
Table 2:Experimental data for treatments performed on the films and corresponding reaction rate constants 
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Parameter with symbol Value 
𝐿 13µm 
𝐶𝑏𝑢𝑙𝑘 1 × 10
−5mol/L 
𝐴 0.146 nm2/nm3 
𝐴𝑛𝑜𝑚 1cm
2 = 1 × 1014nm2 
Table 3:Known parameters 
Parameter with symbol Value 
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  1.3 × 10
5  0.3nm2/s 
𝑘 107  1 nm/s 
Table 4:Fitted parameters according to experimental data 
Parameter with symbol Value 
𝛷 141 
𝜂 0.0071 
Table 5:Derived parameters 
The fitting was performed following the least-squares method with all eleven data points weighted 
equally. The squared residual, 
Equation 6- 14 
𝑆 = ∑(𝑘𝑎𝑝𝑝
′ − 𝑘𝑎𝑝𝑝)
2
11
1
 
is minimized only when the optimal combination of 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 and 𝑘 are achieved. 𝑘𝑎𝑝𝑝
′  is the 
apparent total reaction rate constant computed from the model with trial values of the k and DMB-
pore, and 𝑘𝑎𝑝𝑝 is the corresponding value given by the experiments.  
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DMB-pore 
The effective diffusion coefficient of similar dye molecules has been measured for TiO2 
particulate electrode[14] with a value of 4 × 105nm2/s. For the film used in the current work, the 
constitute particles were sintered together which results in a lower porosity as confirmed by the 
BET measurement (chapter 2). Therefore, a lower 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 in the current case would be expected 
according to Equation 6- 15[18]. The optimal value given by the fitting without PEG added is 
1.30 × 105nm2/s, accordingly, while the additional 0.1 and 0.2 mass fraction of PEG reduced the 
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 to 0.50 × 10
5nm2/s and 0.27 × 105nm2/s, respectively. 
Equation 6- 15 
𝐷𝑒𝑓𝑓
𝐷𝑏𝑢𝑙𝑘
= 0.66 × 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 
𝒌-rate Constant 
The fitted value of k depends upon the illumination intensity and the intrinsic surface 
reactivity of the TiO2 employed here. Optimal fitting is obtained when 𝑘 =107 nm/s.  
Validation 
Following the least-squares method detailed in Equation 6- 14, 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  (PEG=0) and 𝑘 
was fitted accordingly. As validation of the fittings, the comparison of the apparent reaction rate 
constants data collected in experiment and the data given by the fitted model, with variations on 
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 , 𝑤, 𝑁𝑑  and 𝑉𝑠 are shown in Figure 57, Figure 58, Figure 59, Figure 60, respectively. It 
is important to note that, when 𝑁𝑑  was altered using annealing process, 𝑁𝑑  and 𝑉𝑠  did 
collectively influence w, which further propagate to changing the reaction rate. However, due to 
the much weaker contribution of  𝑉𝑠 to 𝑤 compared to 𝑁𝑑 , Figure 59 treats 𝑉𝑠 as invariant for the 
simplicity of comparison. 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 and 𝑤 are both positively correlated to the reaction rate. All 
the figures confirm a fairly good agreement between the experiments and the model.  
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Meanwhile, within the operational range of experiments, along with the change of 
𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 and 𝑤, the effectiveness factor and rate ratio also changes, as shown in Figure 61, 
Figure 62, Figure 63, Figure 64. The rate ratio is defined as the ratio between 𝑅𝑑𝑟𝑖𝑓𝑡 and 𝑅𝑝𝑜𝑟𝑒. 
Increasing 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 and 𝑤 both benefit the effectiveness factor, leading to utilization of a larger 
portion of the film. Larger 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒  promotes faster diffusion of MB into the deep bulk, where 
field-free reaction takes place, and thus lowers the ratio. Widening of the SCL facilitates the 
collection of holes generated in a greater thickness for contribution to 𝑅𝑑𝑟𝑖𝑓𝑡, which adds to the 
ratio. 
Alternate Model: Quasi-Fermi Level Approach 
Besides the current model, a model for the solid state based on quasi-Fermi levels was also 
utilized to assess the capability of an electric field to influence the spatial distribution of EHPs. 
Instead of having all the holes generated within the SCL swept towards the nominal surface, the 
quasi-Fermi level approach focuses upon calculation of hole concentration (not flux) at any given 
depth of the film provided certain conditions are met. The model then uses the distributions of 
holes and MB molecules to calculate reaction rate as a function of depth to yield the overall 
reaction rate. 
The Fermi level is defined as the electrochemical potential of the system when the entire 
device is under thermal equilibrium. The equilibrium can be disturbed by many factors, such as 
applied electric potential or illumination of wavelength larger than semiconductor’s bandgap. In 
such non-equilibrium situations where excess carriers are present, instead of the Fermi level, 
separate quasi-Fermi levels for electrons and holes are used to define the electrochemical potentials 
of the system. This approximation presupposes thermalization of electrons and holes within their 
respective bands. The difference between quasi-Fermi levels for holes and electrons represent the 
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scale of deviation from thermal equilibrium.  Like Fermi level, quasi-Fermi levels maintain 
spatially constant values throughout the entire device under the influence of a steady state 
perturbation. For the scenarios encountered in current work, where all reaction conditions are kept 
constant when the concentration change is measured, the use of quasi-Fermi level can be shown 
to be valid. 
If the condition stated in Equation 6- 16 below are well met, according to Equation 6- 17 
and Equation 6- 18[19], the total electron concentration(𝑛 + 𝛿𝑛) and total hole concentration(𝑝 +
𝛿𝑝) can be accurately calculated throughout the thickness of the film provided the electronic band 
diagram with spatial distribution is known. Based on the derivations demonstrated in the earlier 
part of this chapter, the band diagram with quasi-Fermi level included are shown in Figure 65.  𝜇 
is the mobility of charges, 𝜇 = 𝑒
𝜏𝑐
𝑚∗
 (𝜏𝑐  is the mean time between collision of electrons in 
semiconductor, 𝑚∗is the effective mass for free electrons); 𝜀𝑚𝑎𝑥 is the maximum value of electric 
field; ?̅?  is the mean thermal velocity of charges, ?̅? =
8𝑘𝑇
𝜋𝑚∗
. Based on DFT calculations from 
different researchers, the effective mass of electrons, 𝑚𝑒*, is in the range of 1~13 𝑚𝑒[8], [20]–
[22], and the effective mass for holes, 𝑚ℎ*, is reported as ~2𝑚𝑒[22]. The dielectric constant of 
TiO2 anatase is reported ranging from 23-184[21], [23], [24]. 
Equation 6- 16 
 
 
Equation 6- 17 
𝑝 + 𝛿𝑝 = 𝑁𝑣exp [
−(𝐹𝑝 − 𝐸𝑣)
𝑘𝑇
] 
 
𝜇𝜀𝑚𝑎𝑥 ≫
?̅?
4
 
 143 
 
Equation 6- 18 
𝑛 + 𝛿𝑛 = 𝑁𝑐 exp [−
𝐸𝑐 − 𝐹𝑛
𝑘𝑇
] 
 
For the current application, the total hole concentration (𝑝 + 𝛿𝑝) governs the rate of the 
photocatalytic oxidation. TiO2 is n-type, thus intrinsic thermal hole concentration is very small and 
ignorable. Therefore, the Equation 6- 17 can be reduced to Equation 6- 19. 
Equation 6- 19 
𝛿𝑝 = 𝑁𝑣exp [
−(𝐹𝑝 − 𝐸𝑣)
𝑘𝑇
] 
 
The location of quasi-Fermi level for holes and electrons are constant throughout the film 
(Figure 65). For the ease of analysis, the holes’ quasi-Fermi level is assessed at the edge of the 
SCL (𝑤). The concentration of holes at this depth can be calculated by multiplying the generation 
rate with the mean lifetime of holes, shown in Equation 6- 20. Through combination of Equation 
6- 20 with Equation 6- 19 with  𝑁𝑣 = 2.20 × 10
24/𝑚3 [25]，𝐹𝑝  can be derived. Once 𝐹𝑝  is 
determined, the concentration of holes within SCL can be calculated using Equation 6- 19 and the 
known band diagram (Equation 6- 4). For regions beyond the SCL, concentration of holes can be 
calculated with Equation 6- 21 instead.  
Equation 6- 20 
𝛿𝑝𝑤 = 𝜏𝑝𝐺0𝑒𝑥𝑝
(−𝛼𝑤) 
Equation 6- 21 
 𝛿𝑝
𝜏𝑝
+
𝐼(1 − 𝑅)𝛼
ℎ𝜈
exp(−𝛼𝑥) = 0 
 
The calculated spatial distribution of 𝛿𝑝 can then be coupled with transport of MB in the 
film[4] to derive the local reaction rate at any given depth, where the rate is considered to be 
linearly proportional to the concentrations of both holes and MB. Integration performed over the 
thickness of the film gives the overall reaction rate.  
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However, the resulting predictions fail to match the experimentally observed rate behavior. 
The exponential relationship between 𝛿𝑝 and 𝐹𝑝 − 𝐸𝑣 (Equation 6- 19) predicts that the rate should 
exhibit a very strong (exponential) dependence upon Vs, but no variation with Nd. Yet the actual 
variation of rate is much closer to the square root of Vs, and the inverse square root of Nd. 
Apart from failing to match the observed rate behavior, the predicted spatial variation of 
the rate is counterintuitive.  Almost all the reaction takes place on the nominal surface, with orders 
of magnitude smaller contribution originating from the bulk. One would normally expect a larger 
fraction of the reaction to occur within the bulk pores. The usage of quasi-Fermi level demonstrated 
here was originally developed for silicon[19], [26], where carrier mobility is high. The failure of 
quasi-Fermi level approach for porous TiO2 could be because the mobility of carriers in porous 
structure is much smaller than in single crystal material or compact films, where the prerequisite 
Equation 6- 16 is not satisfied.   
Conclusion 
A physics-based model is developed for particulate TiO2 thin films for photocatalysis by 
combining 𝑅𝑑𝑟𝑖𝑓𝑡 and 𝑅𝑝𝑜𝑟𝑒. Two adjustable parameters that are not directly measurable in the 
experiments are determined using experimental rate constants. The fitted model is in good 
agreement with the experimental data regarding the effective diffusion coefficient the width of 
SCL, the donor concentration, and the surface potential.  
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Figures 
 
Figure 47:Electron hole pair(EHP) generation rate distribution (at wavelength of 360nm) 
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Figure 48:Band diagram of TiO2 film with spatial coordinates 
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Figure 49:Spatial distribution of electric potential subject to varied surface potential values. The donor concentration chosen 
here is the value for the untreated TiO2 film; the increment of surface potential values is chosen for clarity of demonstration.  
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Figure 50:Spatial distribution of electric potential subject to varied donor concentration values. The donor concentrations chosen 
here are practically achievable values through a hydrogen annealing process; the surface potential chosen here is the value for 
the untreated TiO2 film. 
 149 
 
 
Figure 51:Spatial distribution of electric field subject to varied surface potential values, with positive electric field defined as 
pointing towards the nominal surface. The donor concentration chosen here is the value of untreated TiO2 film; the increment of 
surface potential values is chosen for clarity of demonstration.  
 150 
 
 
Figure 52:Spatial distribution of electric field subject to varied donor concentration values, with positive electric field defined as 
pointing towards the nominal surface. The donor concentrations chosen here are practically achievable values through a 
hydrogen annealing process; the surface potential chosen here is the value for the untreated TiO2 film. 
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Figure 53:Schematic of MB concentration vs depth due to MB diffusion  
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Figure 54:Mass fraction vs. density for PEG2000 aqueous system [16] 
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Figure 55:Mass fraction vs. viscosity for PEG2000 aqueous system [16] 
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Figure 56:(a) Schematic packing of particles in the form of cylinders (b) Bird View of single particle and its observed square 
projection area.  
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Figure 57:Apparent rate constant vs effective diffusion coefficient. 
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Figure 58: Apparent rate constant vs SCL width. 
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Figure 59:Apparent rate constant vs donor concentration. 
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Figure 60:Apparent rate constant vs surface potential. 
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Figure 61:Effectiveness factor change with respect to the variation of effective diffusion coefficient within the experimental 
range 
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Figure 62:Effectiveness factor change with respect to the variation of width of SCL within the experimental range 
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Figure 63:Rate ratio change with respect to the variation of effective diffusion coefficient within the experimental range 
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Figure 64:Rate ratio change with respect to the variation of width of SCL within the experimental range 
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Figure 65:Near surface band diagram for TiO2 particulate layer under dark(left) and illumination(right) conditions 
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CHAPTER 7: QUANTITATIVE MODEL PREDICTION 
 
Abstract 
The quantitative model derived in chapter 6 is in good agreement with empirical data, and 
offers a basis for predicting photocatalytic behavior outside of the range directly investigated. The 
predictions projected from the model are focusing on the values appreciated in engineering and 
economic contexts with emphasis on the impact of the width of SCL (𝑤), film thickness (𝐿), 
diffusion coefficient ( 𝐷𝑀𝐵−𝑝𝑜𝑟𝑒 ), reaction rate constant ( 𝑘 ) and absorption coefficient ( 𝛼 ). 
Increasing 𝑤 improves the apparent reaction rate and effective use of the film, 4.25 times higher 
reaction rate can be achieved compared to untreated films, with a maximum 𝑤 value of 678 nm 
set by physical constraints imposed by the band gap. The optimal film thickness is approximately 
2~2.5 times the value of 𝑤 .  Higher fluid diffusion coefficients benefit the rate constant and 
effectiveness factor, but only to a certain point.  If the fluid is a gas with the correspondingly high 
diffusivities, the photoreaction does not benefit from band engineering.  The intrinsic rate constant 
linearly influences the overall reaction rate. When the penetration depth of light is smaller than 𝑤, 
the advantage of band engineering compared to a pure pore-diffusion base case declines steadily 
as the penetration depth decreases. 
Introduction 
For compact anatase ALD TiO2 films, a physics-based mathematic model was previously 
developed in Seebauer group to describe the drift and diffusion component of photocurrent, which 
was then related to the observed MB photocatalytic reaction rate [1]–[3]. In this compact film case, 
the reaction was only taking place on the nominal surface without diffusion of MB into the bulk. 
The overall photocurrent evaluated on the surface, which was governed by the width of SCL (𝑤) 
(incorporating the donor concentration (𝑁𝑑) and surface potential (𝑉𝑠)). The internal area for a 
 169 
 
compact film is essentially zero, so that a change of reactant diffusivity does not alter the reaction 
rate so long as the solution is well mixed. In addition, the film thickness (𝐿)does not influence the 
rate as long as L > w.  
The situation changes for a porous photocatalyst. The reaction rate, depends upon 
components arising from both the surface and the bulk. Although the role of width of the SCL is 
still important in determining the drift component of the rate, the component due to reactant 
diffusion in the pores also influences the rate. Thus, in addition to 𝑤, the diffusion coefficients 
(𝐷𝑀𝐵−𝑝𝑜𝑟𝑒), film thickness (𝐿), reaction rate constant (𝑘), internal surface area (A), and absorption 
coefficient (𝛼) also play roles. Other reaction parameters, initial MB concentration and reactor 
design, will be assumed unchanged in the present treatment. 
In chapter 6, the validation of the physics-based model indicated that the model can provide 
a convincing description of the existing experimental data. This chapter aims to extend that 
physical understanding to a larger operational parameter space which was not covered in 
experiments. The chapter seeks to indicate the circumstances under which band engineering can 
be useful for photocatalyst activity (and to what extent), and to guide the future design and 
application of systems with similar physics involved. All the rate constants mentioned are apparent 
rate constants, defined as: 
Equation 7- 1 
𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑘𝑎𝑝𝑝𝐶𝑀𝐵𝑖𝑛𝑖 
Recall that in chapter 6, the effectiveness factor was defined only for the region beyond SCL, 
which was useful for the calculation of Rpore. To gauge how well the material is utilized throughout 
the entire thickness of the film, the overall effectiveness factor is defined as: 
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Equation 7- 2 
𝜂𝑡𝑜𝑡𝑎𝑙 =
𝑅𝑡𝑜𝑡𝑎𝑙
𝑘 ∗ 𝐴 ∗ 𝐴𝑛𝑜𝑚𝐿 ∗ 𝐶𝑏𝑢𝑙𝑘
 
SCL Width Variation 
As shown in the predictive results (Figure 66,Figure 67 and Figure 68), as well as in chapter 
6, widening the SCL  benefits the overall reaction rate, increases the effectiveness factor, the 
overall effectiveness factor and the 𝑅𝑑𝑟𝑖𝑓𝑡/𝑅𝑝𝑜𝑟𝑒  ratio. A wider SCL leads to a more spatially 
extensive electric field reaching into the film bulk, which gathers more holes closer to nominal 
surface, in turn resulting in larger share of 𝑅𝑑𝑟𝑖𝑓𝑡 in 𝑅𝑡𝑜𝑡𝑎𝑙. Consequently, increasing effectiveness 
factor implies a larger portion of the material is being effectively used for reactions.  
However, as a composite parameter (Equation 7- 3), 𝑤 is subject to physical constraints on 
both 𝑁𝑑 and 𝑉𝑠. 
Equation 7- 3 
𝑤 = √
2𝜀𝑠𝜀0𝑉𝑠
𝑒𝑁𝑑
2
 
The model indicates, not only that larger w is advantageous over smaller, but also that w 
increases inversely with the square root of the donor concentration. The variation of donor 
concentration in this work was unidirectional toward higher 𝑁𝑑 , and covered the range from 
1.27 × 1017~5.26 × 1019𝑐𝑚−3. In blackened TiO2 studies[4], [5], donor concentrations as high 
as 2.1 × 1022𝑐𝑚−3were achieved for 𝑁𝑑, which shrinks the value of 𝑤 to near zero. To decrease 
Nd from its initial value, it is conceivable that by filling the O vacancies and/or eliminating Ti 
interstitials would serve that purpose. Variations in initial synthesis procedure, or extended 
annealing oxygen annealing or other gases, could be investigated in the future for this goal. 
However, according to related studies [6], the lowest 𝑁𝑑 reported in the literature is in the range 
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of 1016𝑐𝑚−3.  In the short term, this value probably represents a likely lower limit without further 
development of a corresponding science base. The corresponding value of 𝑤 would rise by a factor 
of about three from the lowest used here, leading to an increase in the photocatalysis rate by a 
factor of four. 
 Surface potential offers less room to maneuver than 𝑁𝑑. Equation 7- 3 indicates that w 
increases with the square root of w, but the values of 𝑉𝑠 employed here already reach as high as 
0.6 eV.  For practical purposes, 𝑉𝑠 cannot exceed the band gap of 3.2 eV.  With EF for the material 
employed here lying roughly 0.1 below the conduction band minimum, 𝑉𝑠 cannot exceed 3.2 – 0.1 
= 3.1 eV, which is only about a factor of five greater than 0.65 eV. It is beyond the scope of this 
thesis work to investigate the possibility and consequences of a situation in which the edge of 
valence band exceeds the value of quasi fermi level for holes. However, such cases are very 
unlikely with the current gentle plasma treatment.  
According to Equation 7- 3, the largest range of 𝑤 for TiO2 is 0~678nm. The maximum of 
𝑤   is achieved when 𝑁𝑑 = 4.1 × 10
16  [7]and surface potential 𝑉𝑠 =3.1eV. 𝑁𝑑  is primarily the 
enabler for the largest value of 𝑤.  Compared with the untreated TiO2 sample used in present study, 
while other reaction conditions being identical, the apparent rate constant for a sample with 
𝑤=678nm is predicated to be 4.25 times higher.  
Film Thickness Variation 
For a given apparent reaction rate, it is economically beneficial from a material cost 
standpoint to use the thinnest possible film, assuming no other factors enter into the economic 
analysis.  One such factor could be film robustness; thinner films may not stand up to wear and 
tear as well, and would therefore require more frequent replacement.  Or thinner films may entail 
more fabrication cost in applying the particles as a uniform coating. If material cost is the only 
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economic factor, however, the current model can be used to guide selection of the best film 
thickness.  
Physically, the overall reaction consists of a drift component and a pore diffusion 
component. Figure 69 shows that the apparent reaction rate constant increases linearly with 𝐿 for 
L < 𝑤.  This behavior follows from the functional form of Eq. 6-12, as the reaction rate contains 
only a drift component in this regime.  For L > w, the pore diffusion component begins to contribute 
(Eq. 6-10), and the increase becomes sublinear and plateaus to a constant at very large values of 
L. By the time L reaches ~300nm, the effective rate constant has reached about 99.5% of its plateau 
value.  
Figure 70 shows the corresponding variation in overall effectiveness factor defined to 
include the entire film.  This overall effectiveness factor begins to decline from unity for L > w, 
and falls below half its original value at L = 300 nm. For larger values of L, the overall effectiveness 
factor declines roughly as 1/L.  Figure 71 shows how the pore diffusion component of the total rate 
contributes nothing for L<w, and reaches a plateau at 𝑅𝑝𝑜𝑟𝑒/𝑅𝑑𝑟𝑖𝑓𝑡=0.33 for large L.   
In a real application, the cost of the photocatalyst is incurred when the reactor is first built.  
The income from the converted reactant flows over time.  The cost effectiveness of a given 
thickness therefore depends upon the value of the converted reactant and the cost of the 
photocatalyst amortized over its lifetime before replacement.  These numbers cannot be known 
apart from the specifics of particular circumstances.  However, plots like Figs. 4-6 provide the 
basis for computing the optimal value of L.  For most applications with band-engineered 
photocatalysts, we surmise that the best value probably lies somewhere in the region of 2w to 2.5w.   
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Diffusion Coefficient Variation 
The diffusion coefficient plays an important role in the model through the Thiele modulus 
and effectiveness factor of the pore diffusion portion of the rate. 𝐷 can be varied by altering the 
solid catalyst structure. Smaller particles offer larger surface areas, which benefit the reaction rate. 
However, smaller particles also tend to give narrower pores and higher tortuosity, and thus leads 
to lower diffusion coefficients and lower rates. The optimal particle size therefore depends upon 
balancing the opposing factors of surface area and pore structure.   
Diffusion coefficients also depend upon the properties of the fluid medium. The model 
shows that lower diffusion coefficients tend to inhibit the pore diffusion component of the total 
reaction rate, while the drift component remains unaffected.  Thus, electronic band engineering 
tends to provide the greatest benefits when used in conjunction with fluid reactions involving small 
diffusion coefficients.  Viscous liquids provide an obvious example as shown quantitatively in 
Chapter 6, although nontrivial benefits appear even for normal aqueous environments. However, 
in most applications, the fluid medium and the target reaction are set, diffusivities are not easily 
adjusted.   
A distinct question is whether electronic band engineering could play a useful in fluid 
media having substantially higher diffusivities, such as gases. The diffusion of gas molecules in 
porous structures involves interactions among gas molecules as well as collisions between gas 
molecules and the medium. The total effective diffusion coefficient ( 𝐷𝑒𝑓𝑓 ) is termed as 
1
𝐷𝑒𝑓𝑓
=
1
𝐷𝑖𝑗
+
1
𝐷𝑖𝐾
 
[8], [9], 𝐷𝑖𝑗 is the diffusion coefficient arising from molecular diffusion and 𝐷𝑖𝐾 is the diffusion 
coefficient for Knudsen diffusion. In low pressure and/or small pore processes, Knudsen diffusion 
becomes significant. Knudsen diffusion coefficient is defined as 
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𝐷𝑖𝐾 = 4850𝑑𝑝√
𝑇
𝑀𝑖
 
[8], where 𝑑𝑝 is the diameter of pores, 𝑇 is the temperature of the gas (K), 𝑀𝑖 is the molecular 
weight. The Knudsen diffusion coefficients has been reported within a wide range depending on 
the nature of porous structure and measurement methods, typically on the order of 
1010~1013𝑛𝑚2/𝑠 [10]–[13] , which is about seven orders of magnitude higher than in the 
liquid[14], [15] yet three orders lower than the bulk diffusion values [16].  Figure 72 shows how 
the apparent rate constant varies over a very wide range of diffusivities encompassing both gases 
and liquids.  The rate constant starts relatively low for liquids, and plateaus at a much higher value 
for diffusivities well below those characterizing gases.  Figure 73 and Figure 74 show that this 
behavior results from a much larger contribution of reaction in the deep pores compared to drift in 
the SCL, as manifested in both the effectiveness factor and the ratio of rates in the pores vs the 
SCL. The basic conclusion is that electronic band engineering plays little role in enhancing the 
rate for gas phase reactions.  
Reaction Rate Constant 
The reaction rate constant k as defined in Chapter 6 is a parameter determined by the 
material’s intrinsic reactivity (as determined by the geometry and electronic characteristics of 
reactive sites, for example), as well as by the parameters contained in Eq. 6-1 including the 
absorption coefficient and incident light intensity. The rate constant can be altered by adopting 
multiple approaches that can be well captured in the model. By having a smaller band gap, a 
semiconductor material is able to take advantage of wider light spectrum and possibly generate 
more EHPs, which further improves the reaction rate constant. Higher power for the light source 
also benefits the reaction rate because more photons are available for creating EHPs. Higher 
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lifetime of EHPs improves k deep in the pores, as holes can live longer to remain available for 
reaction; in the SCL, improved lifetime helps bringing holes towards nominal surface, even though 
we assume that all photogenerated carriers are swept to the surface.   
Increasing the specific surface area (𝐴) will also help the catalyst to facilitate more reactive 
cites per volume material, leading to higher reaction rate constant. As a distinctive parameter, 
however, A is serving the multiplier of k in the governing expression for the model (Equation 6-
12). Consequently, increasing A always presents the same mathematical effect as increasing k.  
Both Figure 75 and Figure 77 show similar linear increasing trends of apparent reaction 
rate and rate ratio upon increasing of k. It implies that intrinsically more reactive photocatalyst 
improves the apparent reaction rate, more reactions are taking place within SCL (𝑅𝑑𝑟𝑖𝑓𝑡) rather 
than in deep pores (𝑅𝑝𝑜𝑟𝑒). As the result, less material is well utilized in higher k, as shown in 
Figure 76. 
Absorption Coefficient 
The absorption coefficient, 𝛼, is also a material and wavelength specific parameter that 
determines how deep the majority of the light can penetrate, which is equivalent to how the EHP 
generation rate is distributed within the material. For all cases discussed here, we assume 𝛼 as an 
independent parameter. The penetration depth of given light(δ) is defined as the depth where the 
intensity of the light is 1/e of the light intensity measured on the top surface of the material, giving 
δ = 1/𝛼 . In the current study, light absorption does not vary significantly within the optimal 
thickness of the film given the relatively small value of 𝛼(1.67 × 10−4𝑛𝑚−1). Therefore, it can 
also be assumed that the generation rate is constant within the depth of SCL, as 𝑤 is smaller than 
optimal thickness in most cases. However, if the wavelength of the incident light has a much higher 
absorption coefficient, and thus lower penetration depth, the weight of EHP generation rate 
 176 
 
distribution will shift strongly towards the surface. Hence, the 𝑅𝑝𝑜𝑟𝑒  contribution towards the 
overall reaction rate 𝑅𝑡𝑜𝑡𝑎𝑙 , in this case, will be diminished accordingly because larger portion of 
carriers are generated within SCL.  Increasing 𝑤 would still improve the apparent reaction rate. 
When δ = 𝑤,  𝑅𝑝𝑜𝑟𝑒 will be eliminated and result in 𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑑𝑟𝑖𝑓𝑡, when band engineering is 
unable to further benefit the reaction rate. Given the presumably constant light intensity and the 
fact that all holes are still collected towards the surface, when δ < w,  𝑅𝑡𝑜𝑡𝑎𝑙 stays at the same 
value acquired when δ = 𝑤. So with Rdrift remaining constant with , and a hypothetical base case 
of Rpore increasing as  gets smaller, the advantage of band engineering decreases compared to the 
pure pore diffusion base case 
Conclusion 
Within physical limitation, as high as 4.25 times of improvement on apparent reaction rate 
is feasible when 𝑤 is increased to 678nm through suitable combinations of Nd and Vs. There exists 
an optimal film thickness for a given reaction and it is approximately 2~2.5 times of 𝑤. Higher 
diffusion coefficient benefits the rate constant and effectiveness factor until reaching plateau D 
value, further than that, gas phase reaction will not benefit from band engineering. The intrinsic 
rate constant linearly influences the reaction rate. 
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Figures 
 
Figure 66:Model prediction for apparent rate constants with respect to variation of width of SCL (0-1000nm, arbitrarily chosen 
solely for showing the trend). The theoretical limitation of width of SCL for TiO2 covers 0~678nm 
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Figure 67:Model prediction for (left)effectiveness factors (right) overall effectiveness factors with respect to variation of width of 
SCL (0-1000nm, arbitrarily chosen solely for showing the trend). The theoretical limitation of width of SCL for TiO2 covers 
0~678nm 
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Figure 68:Model prediction for rates ratios with respect to variation of width of SCL. The theoretical limitation of width of SCL for 
anatase TiO2 covers 0~678nm 
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Figure 69:Model prediction for apparent rate constants with respect to variation of film thickness(0-500nm). 
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Figure 70:Model prediction for (left)effectiveness factors and (right) overall effectiveness factors with respect to variation of film 
thickness (0-500nm). 
 
 
 
 
 182 
 
 
Figure 71:Model prediction for reciprocal of rates ratios with respect to variation of film thickness (0-500nm). 
 183 
 
 
Figure 72:Model prediction for apparent rate constants with respect to effective diffusion coefficient, covers liquid phase and 
gas phase diffusion. 
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Figure 73:Model prediction for (left)effectiveness factors and (right)overall effectiveness factors with respect to effective 
diffusion coefficient, covers liquid phase and gas phase diffusion. 
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Figure 74:Model prediction for rates ratios with respect to effective diffusion coefficient, covers liquid phase and gas phase 
diffusion. 
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Figure 75:Model prediction for apparent rate constants with respect to variation of intrinsic rate constant. 
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Figure 76:Model prediction for (left)effectiveness factor and (right) overall effectiveness factor with respect to variation of 
intrinsic rate constant. 
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Figure 77:Model prediction for rate ratios with respect to variation of intrinsic rate constant. 
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Appendix A: Operation Procedure of Photoreactor  
1. Fill the DI water (15ml, resistivity of 18.2Mcm) into the reactor to calibrate the 
UV-Vis spectroscopy before each measurement. The connection between the 
reactor and the rest of the system is shown in the figure below:
 
Figure 78:Reactor Setup 
2.  Turn on the peristaltic pump to run the DI water through the system; monitor DI 
level for 5 minutes and fix any leaks if they exist. 
3. Turn on the light source of the UV-Vis spectroscopy and the SpectraSuite ® 
Software. Adjust the integration time to ~2000ms so the intensity peak of the DI 
water spectrum is between 50,000 and 60,000. Higher intensity facilitates higher 
data resolution, if not exceeding the saturation intensity of 70,000. 
4. Switch to absorbance measurement. FileNewAbsorbance 
MeasurementNextInput the integration time entered in step 2Next 
5. Save light reference. Continue to click  until the spectrum shown does not 
change. Proceed with “Next”.   
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6. Save dark reference. Block the light source by inserting a piece of metal into the 
slit on the light source. Continue to click  until the spectrum shown does not 
change. Proceed with “Next” and then “Finish”. Step 4 and 5 assess the 100% and 
0% light intensity levels. 
7. Empty the system and refill with MB solution. Reverse the flow of DI until 
bubbles continuously appear in the reactor. Stop the peristaltic pump. Empty the 
reactor and refill it with 15ml of MB solution with known concentration. 
8. Insert the sample assembly. Start peristaltic pump to resume the forward flow. 
Start saving absorbance data. Select the  icon from the main panelselect data 
source as USB4000choose 10 second as update intervalRange 
SelectionOne Wavelengthinput 665.03nmAuto Saveenter Directory, 
Filename, Save Interval(10s)accept  
9. Allow the system to equilibrate. 6 hours are allocated for this purpose.  
10. Turn on the solar simulator. Confirm the perpendicular alignment between the top 
lid on the reactor and the light outlet of the solar simulator. Record the start time. 
11. Finish the experiment. After designated experiment time, stop the strip data 
acquisition and the absorbance spectrum. Record the finish time. Turn off the 
outlet power to the solar simulator, wait until the cooling fan is off then turn off 
the power supply. Turn off the UV-Vis spectroscopy light source. 
12. Reverse the flow to empty the MB solution in the system. Retrieve the sample 
assembly. Refill the rector with DI water to flush away the absorbed MB in the 
system. Recycle the used MB in a properly labeled container.  
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Appendix B: Operation Procedure of Plasma Treatment and in-situ XPS Measurement 
PLL: Pressure at the load lock in the specimen chamber 
PI: Pressure in IGNIS main chamber 
PHemi: Pressure in the analyzer hemispherical region.  
1. Mount the sample on the sample holder as shown in Figure 29. To minimize the 
contamination brought into the chamber, the sample surfaces not covered by TiO2 
layer are well cleaned by IPA before mounting. 
2. Check the pressures of  PLL, PI and PHemi to ensure all components are working 
properly. The desired values are approximately PLL=8.5 × 10−7𝑡𝑜𝑟𝑟, PI=1.5 ×
10−8𝑡𝑜𝑟𝑟, PHemi=1.5 × 10−8𝑡𝑜𝑟𝑟. Typically, the actual values within the same 
order of magnitude of desired values would suffice.  
3. Load the sample into specimen chamber. Vent the specimen chamber, gently load 
the sample, pump down the specimen chamber to PLL=8.5 × 10−7𝑡𝑜𝑟𝑟. 
4. Transfer the sample into main chamber. Wait until the PI=10−7𝑡𝑜𝑟𝑟, then proceed 
to next step. 
5. Pre-treatment XPS measurement. Insert the X-ray source to working position. 
Rotate the sample holder to position B as shown in Figure 28, start acquiring the 
XPS spectrum for Survey, Ti2p, O1s, C1s and valence band edge (BE: -2~12 eV). 
Operational PI=10−6~10−7torr. Retract the X-ray source to default position once 
done. 
6. Plasma treatment. Set the biased value as desired on the grid power supply. Open 
the gas valve of D2, turn on the magnetron power supply. Initiation of plasma can 
be confirmed if stable white faint light is observed in the main chamber. Fine tune 
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the leak valve on the Tectra plasma source to stabilize the PI until in the range of  
10−3torr. Wait 3 minutes to ensure stabilization of the plasma, rotate the sample 
holder to position A shown in Figure 28, start timing. 
7. Post-treatment XPS measurement. When desired treatment time is achieved, rotate 
the sample holder to position B as shown in Figure 28, shut off the gas valve of D2, 
turn off the grid power supply. Repeat step 5. 
8. Retrieve the sample.  Extract the sample holder from the main chamber of IGNIS 
into the specimen chamber, shut the connecting gate valve. Vent the specimen 
chamber and retrieve the sample.  
  
